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ABSTRACT
The properties of model transition metal complexes in
the skeletal rearrangements of some 1,4-dienes catalyzed by
a mixture of dichlorobis(tri-n-butylphosphine)nickel(II)
diisobutylaluminum chloride have been examined.

and

These re

arrangements are exemplified by the skeletal isomerizations
of cis-1,4-hexadiene, the type I rearrangement (equation 1)
and 3-methyl-1,4-pentadiene, the type II rearrangement
(equation 2).

The active catalyst species in the type I

(2)

nil

*

fi n
CH3

rearrangement has been limited to the nickel component since
coordinately unsaturated ethylenebis(tri-o-tolylphosphite)nickel(0) on combination with HC1 skeletally rearranges cis1.4- hexadiene to the type I product, trans- 2-methyl-1,3pentadiene.

This catalyst combination also produces the

double bond isomerization products trans, cis- and c i s , cis2.4- hexadienes with the latter being the major 2,4-hexadiene
isomer.

The type I skeletal transformation was further
xiv

substantiated by the formation of (1) 2-methyl-1,3-butadiene
from 1,4-pentadiene, (2) 2,3-dimethyl-1,4-pentadiene from 3,3
dimethyl-1,4-pentadiene and (3) 1,1-dideuterio-2,3-dimethyl1.3- butadiene from 1,1-dideuterio-2-methyl- 1,4-pentadiene.
These results are entirely consistent with the 2,1addition of nickel hydride to the least substituted terminal
double bond of the 1,4-diene prior to the rearrangement.
The fact that both cis- and trans- 2-methylvinylcyclopropanes
were isomerized to the same predominant product trans- 2methyl-1,3-pentadiene suggests that the rearrangement takes
place through a cyclopropylcarbinylnickel intermediate.
The type I rearrangement was not observed if (1) the
nickel hydride precursor was coordinately saturated,

(2) the

internal double bond of the 1,4-diene has the trans config
uration or (3) the 2,1- addition of metal hydride is pr o 
hibited by the bulky methyl substituents in 2,3-dimethyl1.4- pentadiene.
The results obtained with the (R^P) PdCl /R AICI cata
2

2

2

lyst combination suggests that the type I skeletal rearrange
ment was not limited to only the nickel system.

They also

indicate that the metal hydride need not be generated by the
8-elimination of the elements of metal hydride from an
alkylnickel species initially formed from the catalyst com
bination of (R3P)2NiCl2 and R^AICI.
The aluminum component apparently plays an important
role in the type II rearrangements since the double bond
isomerization products were the only products detected when
xv

3-methyl-1,4-pentadiene was treated with the catalyst de
rived from ethylenebis(tri-o-tolylphosphite)nickel(0) and
HC1.

This catalyst combination, within its life-time, did

not produce the type II product from 3,3-dimethy1-1,4-pentadiene and 2,3-dimethyl-1,4-pentadiene or remove the deu
terium label from C-l in 1,1-dideuterio-2-methy1- 1,4-pentadiene.
Model compounds of the type 1 and _2 exhibited pr o 
nounced downfield shifts in their pmr spectra for several of
the alkenylaryl protons.

This phenomenon is best explained

by the paramagnetic anisotropy associated with the metal
ion.

that:

This explanation was substantiated by the observations

M = Ni, Pd

M = Ni, Pd

1

2

(1) those protons which are deshielded occupy an api

cal site above the metal ion,

(2) a transition in the visible

region for the nickel compounds of 1_ varied identically with
the spectrochemical series and (3) the largest downfield
shifts are found for those protons which, because of confor
mation preferences, are forced to occupy positions at an
apical site of the metal.
xvi

PART I.

INTRODUCTION

2

The utilization of transition metal compounds in homo
geneous catalysis had its beginning in 1946 with the dis
covery by Calvin and his coworkers1 that quinoline solutions
containing bis(salicylaldehyde)ethylenediiminecobalt(II) or
one of its derivatives could reversibly activate molecular
2

oxygen.

With this discovery and the developments which

followed it, this new branch of science has grown to the
very interesting and active field we know today.
Like the early stages of organic chemistry, there
first appeared several isolated cases where a particular
transformation (hydrogenation, dimerization, polymerization,
isomerization, valence isomerization, etc.) could be carried
out in the presence of a specific transition metal complex
containing the right combination of bound ligands.

As

numerous reactions of this type were discovered it appeared
to be quite useful to follow the guide lines set forth by
the development of organic chemistry and organize these
discoveries into "patterns" of mechanistically related
3
transformations.
Over the years it has been particularly significant
that these transformations have been defined by a considera
tion of both the formal electronic configuration and the
coordination number of the central metal atom rather than
the influence of a particular ligand or metal.

As more and

more knowledge becomes available these "patterns" should be
able to more closely define the role of the transition metal
and its ligands and even provide a means of predicting the

3

general trends that exist among the transition metals.
Consequently organo-transition metal chemistry, at the
present stage of development, can be compared with organic
chemistry in the late 1940's when concepts of reaction
mechanisms were such that new synthetic methods could be
invented and put into experimental practice with some degree
of confidence.

Giant strides have been made, through numer

ous studies toward an ultimate goal of developing various
catalyst systems designed to carry out single or multiple
step transformations with the specificity and efficiency
that approach those of enzymes.

3 4
*

Various techniques have been very useful in determin
ing many of the characteristic "patterns" found in homo
geneous catalysis.

In order to learn more about the exact

nature of a catalytic transformation, it has been necessary
to isolate and characterize each of the steps that consti
tute a proposed mechanism.

Whenever possible it has been

extremely valuable to isolate and characterize intermediates
as well as the products in the transformation.

In many cases

where the catalytic activity has been so high that these
intermediates can not be isolated it has been important to
obtain extensive chemical and physical evidence for a p ar
ticular step.

Secondary methods such as isotopic labeling,

changing substituents, changing ligands, trapping inter
mediates, etc., as well as obtaining spectra data have
played an extremely valuable role in many of these studies.

4

Another very important way in which a catalytic reac
tion may be studied involves the synthesis of transition
metal complexes which have properties that are somewhat like
those of the possible intermediates in a particular cata
lytic step.

Inherent in the synthesis of model transition

metal complexes is the question of their stability and reac
tivity.

A well chosen model compound should be stable

enough to be isolated, but should demonstrate properties
that are similar to those of the intermediate in question.
Many of these secondary methods have been used to
identify the basic transformation involved in homogeneous
catalysis.

Each of these transformations appears to take

place independently of each other, while the course of the
catalytic reaction is determined by the nature of both the
substrate and the catalyst system.

Five of the basic trans

formations are summarized below:
(a) coordination
This generally involves the coordination of an unsatu
rated group such as an olefin, carbonyl group, etc., without
an oxidation change of the metal.

A vacant coordination

site is perhaps the single most important property in homo3
geneous catalysis.
When such a site is available the
substrate can be brought into the coordination sphere of the
metal by simply expanding its coordination number.

If such

a site is not available, an alternate pathway for complexation of the substrate involves the dissociation of a labile
ligand from the metal before the substrate is coordinated.

5

Once the substrate is coordinated the catalytic activity of
the metal can be attributed to the strict stereochemical
restrictions imposed upon the substrate and the ability of
the metal to reduce the energy barriers for bond breaking
and bond making.
(b) oxidative addition
Oxidative addition reactions are especially character
istic of low spin transition metal complexes which contain
filled or nearly filled d subshells.

Halpern5 has defined

oxidative addition as a process in which there is an in
crease in both the oxidation number and coordination number
of the metal species.

Products from numerous oxidative

addition reactions have been isolated and characterized.5 ’^ ’5
Two examples are shown in equations 1 and 2.

The first

demonstrates the intramolecular addition of a coordinated
ligand, through a carbon-hydrogen bond, to d 5 iridium(I).^
The second shows the addition of a dichloroethylene to a
d

10

palladium(O) complex.

7

An overall increase in the coor

dination number of palladium by one unit results from the
loss of a ligand.

The reverse of these steps are labeled as

reductive eliminations.

Cl

(C6H 5^ 3P/
Ir

(1)
^C6H 5^ 3P

P (-C 6H 5^ 3
p (c6H 5)3

6

H

\
(2)

\

Pd

L

+

CHC1 = CHC1

->

>

Cl
=

<

H

Pd

/

/
Cl

L

+ L

\
L

Although available data suggest the occurrence of
different mechanisms for various oxidative addition steps,
the exact nature of the overall process still remains rather
vague.

3,5,8-10
’ ’
(c) addition reactions
Additions to the coordinated substrate generally occur

from within the coordination sphere of the metal.

The

attacking ligand is believed to possess a cis-relationship
to the coordinated substrate prior to its addition.

Several

of the well-known addition reactions have been termed metal
hydride^

(equation 3) and metal a l k y l ^

^

(equations 4-5)

additions to an unsaturated substrate,

(3)

H
I
Et3P-Pt-PEt3 + H 2C=CHCH3 t
Cl

(4)

(5)

CH3Mn(CO)5 + CO

t

C H ?Et
I
Et,P-Pt-PEt
I
Cl

CH3COMn(CO)5

7

Another example involves the addition of palladium
acetate to a coordinated vinylacetate

(equation 6).

This

step has been demonstrated to be an important step in the
oxypalladation-deoxypalladation mechanism.15
H OAc

A c '0

\
(6)

CHCH2-PdCl

/
AcO

OAc'

These reactions generally are extremely fast and in
most cases the intermediate complexes can not be isolated.
In each example cited above, except that representing the
growth steps in an olefin polymerization reaction (equation
5) , it has been well established that these transformations
take place reversibly.

Only recently has there been sub

stantial evidence which suggests that the oligomerization
growth step may occur in the reverse direction.

X6

Additions of these types have been known for many
years and are considered to be important steps in many
synthetic reactions

(vide infra) .

There also remains the

possibility that the nucleophile may attack from a position
outside the coordination sphere once the substrate has been
activated by coordination.
(d) substitution reactions
Many of the postulated substitution reactions have
involved an exchange of a functional group of a substrate
molecule by a ligand within the coordination sphere.

8

Although this may be true of many exchange reactions there
always remains the possibility that the attacking group
could come from outside the coordination sphere.

The ex

ample given shows a case involving a nucleophilic displace
ment on vinyl chloride by acetate from within the coordination sphere of the palladium(II)

H

complex

’

(equation 7).

H

(e) concerted transformation
The transformations that fall into this category are
those which lack evidence supporting the existence of a
stepwise process.

According to theory

18

the transition

metal can interact with substrate molecules in such a way
that symmetry restrictions which prevent the concerted thermal transformation are removed.
olefin "metathesis"

19

Typical examples are the

2 0’ 21 reaction (equation 8) and the2

valence isomerization of syn-tricyclooctane

22

(equation 9).

c h 3c h = c h c h 3

(8)

+
c d 3c d =c d c d 3

CH,CH
HI
CD CD

CHCH
3
+
II
CDCD
3

9

Catalytic reactions such as the dimerizations,
oligomerizations,

23 24
’

2325
23
’
polymerizations,
and isomeriza-

tions23’2^ of olefins as well as the skeletal reorganization,

"metathesis

’

and valence isomerization

reac

tions involving purely hydrocarbon substrates have demon
strated the occurrence of six fundamental changes in the
substrate.

These include (1) C-H bond cleavage,

bond formation,
cleavage,
cleavage.

(2) C-H

(3) C-C TT-bond formation, (4) C-C ir-bond

(5) C-C o-bond formation and (6) C-C o-bond
All of these changes except those involving C-C

a-bond cleavage have been observed in numerous catalytic
reactions.

The last fundamental change has only been

observed and extensively studied in the last five years.
In 1967 several examples appeared in the literature
demonstrating the facile cleavage of various C-C a-bonds
accomplished by a variety of transition metals.

Miller^

discovered that a nickel based catalyst would catalyze two
different types of skeletal rearrangements and in each case
all six fundamental changes were observed.

These skeletal

transformations were exemplified by (1) the rearrangement
of cis-1,4-hexadiene, 1, to trans- 2-methyl-1,3-pentadiene
(hereafter labeled as the type I rearrangement)

and (2) the

10
rearrangement of 3-methyl- 1,4-pentadiene , 2_, to 1,4-hexadiene (hereafter labeled as the type II rearrangement).

In

both cases there was also observed lesser amounts of the
conjugated dienes, formally derived from migration of a
terminal double bond in the 1,4-diene precursor.

Hogeveen and Volger

27

reported that quadricyclene

could be isomerized to norbornadiene by several complexes of
Rh(I) and Pd(II)

(equation 10).

Since their initial report

this group has described other related valence isomerizations.

28

Each of these transformations were considered to

be a concerted process in which the transition metal has
removed the symmetry restrictions which prohibit the thermal
reaction (vide supra) .

Merk and Pettit

29

reported a related

transformation in the Ag(I) catalyzed valence isomerization
of 3_ (equation 11) .

( 10)

7

/,

11

( 11 )

Homogeneous catalysis of olefin "metathesis" or "dis
proportionation" reactions was also reported in that year by
Calderon and his coworkers.

20

The overall process involves

the cleavage of olefin carbon-carbon double bonds and the
formation of new carbon-carbon double bonds such that the
fragments are reassembled in a random fashion (equation 8).
Cyclobutane ring formation
complex

30

21

as well as a tetramethylene

have been proposed as the important intermediate

or transition state in this unique transformation.
Recently several groups have suggested that many of
the transition metal catalyzed electrocyclic reactions may
take place stepwise.

In the R h [(CgH^)^P]^Cl catalyzed re-

arrangement of 4_, Katz and Cerefice

31

have shown that a

common intermediate leads to both the valence isomerization
product _5 and the isomerized product 6^.

In order to form 7_,

this catalyst was capable of transferring a deuterium in 4_
stereospecifically across the face of the molecule to which
the metal was coordinated.

32

12

Halpern and coworkers

5 33
’
have indicated that their

results were consistent with a stepwise Rh(I) catalyzed
cleavage of the C-C a-bonds in various substituted cubanes.
This was substantiated by the actual isolation of the acylrhodium adduct,

8_.

It was also apparent that two highly

specific transformations were being observed since 9 and 1_0
were obtained from a Rh(I) and Ag(I)

catalyzed reaction

+
34
respectively.

This high degree of specificity has also been observed
in the transition metal catalyzed ring openings of strained
bicyclo[1.1.0]butane derivatives.33 37

Gassman and Atkins3^

have suggested, based upon their studies using a wide vari
ety of transition metal compounds, that the C-C bonds are
cleaved in a stepwise process with the transition metal
acting as an extremely specific Lewis acid.

Inherent in

their proposed mechanism is the formation of the intermedi
ate 11^ which, depending on the metal used, undergoes a
number of bond reorganizations which lead to different
products.

Similar conclusions have been suggested by Noyori

and coworkers

to explain their nickel(0) catalyzed addition

13

reactions between highly strained bicyclo systems and
various olefins.

-Mx

Transition metal hydrides have been proposed as
important intermediates in a wide variety of homogeneous
catalytic reactions.

40
These include olefin isomerizations,

,
, r:
, ..
41,42
, ,
..
43-46 ,
,
. . 4 7
hydroformylation,
5
hydrogenation,
hydrocyanation,
ethylene dimerization,
merization

diene rearrangement,

’

14 52
53
’
and nitrogen fixation
reactions.

codiThe

catalytically active metal hydride is postulated to be
generated by either (a) an oxidative addition of molecular
hydrogen or an acidic hydrogen (equation 1) or by (b) the
elimination of the elements of metal hydride from an organic
ligand possessing labile carbon-hydrogen bonds'^’'’'’ (one
example is shown in equation 12).

In either case the

hydride can be generated from the cocatalyst or the organic
substrate.

14

( 12)

CH.
H
| ‘
I CH
L Pd- II
m
CH
I
CH.

[LnPd-CHCH2R]
ch3

However, the transfer of the elements of metal hydride
to the substrate may not always follow this route.
several examples
hydrides,

’

’

*

In

postulated to involve metal

the incorporation of ethylene into the reaction

mixture has produced a drastic effect on the rate of the
catalytic transformation.

It is possible that ethylene

facilitates the rapid transfer of the elements of metal
hydride without the actual formation of a metal-hydrogen
bond (equation 13).

H\

c h/
i

nh

M H
1 1
R-C-C-H
I I
H H

(13)

H H
I |
H-C-C-H
1 1
M H

c(
->
<-

R
H

V
'SH

The subject of transition metal hydrides has been
excellently reviewed by several a u t h o r s ^ ^

prior to 1966.

Since then several very interesting Group VIII metal
hydrides have been prepared and some of their properties
studied.

Coriati, Ugo and Bonati

64

have reported the isola

tion of several four coordinate platinum(II) hydrides.
found that two types of complexes could be formed, the

They

15
cationic hydrides
(equation 15).

(equation 14) and the covalent hydrides

The covalent hydride was formed if the

anion, X, was a strongly coordinating ligand.

The analogous

palladium and nickel compounds could not be isolated.
(14)

pt(C6H 5P)n + HX

*

n = 3 or 4

[PtH((C6H 5)3p)3 ]X
X = C103 ‘ , BF4 ",
CH30S03 ~, h s o 4

(15)

P t ((C5H 5)3P)n + HX
n = 3 or 4

*

[ptH((C6H 5)3p ) 2X]
X = Cl" , CN"

However, the related palladium hydride was reported later by
Brooks and Glockling,^ who reduced a palladium(II) salt
with trimethylgermane, a mild reducing agent.
Three different nickel hydrides were reported in 1969.
Jonas and W i l k e ^

reported the preparations of several

nickel hydrides of the general formula, HNi(pR 3)2R', which
could be prepared by oxidatively adding strong acids to
bis(tricyclohexyl)nickel(0).

Another group reported the

preparation of the HNi(N^)(pEt3)2 complex which was stabilized by the presence of coordinating nitrogen.

61

Green and

S a i t o ^ were the first to isolate and characterize the ex
tremely stable square planar nickel hydrides 12a and 12b.
This group found that these hydrides could readily be ob
tained by reducing the appropriate nickel(II) chloride with
sodium borohydride.^

Apparently the large size of the

secondary alkyl groups on the phosphine ligands prevent

16

their thermal decomposition.

They have also observed that

the use of an excessive amount of sodium borohydride pr o 
duced the borohydrido compound,

13, which has proven to be

an excellent reducing agent for the preparation of other
palladium and nickel hydrides.

Spectral evidence has been

cited for several interesting mixed phosphine nickel
hydrides prepared in solution by mixing 13_ with several
tertiary phosphine nickel(II)

salts.

PR,
I
Cl-Ni-H
I
PRV

^ C 6H l l h

H-Ni - B H 4
P(C 6H h )3

12a

R = Cyclohexyl

12b

R = Isopropyl

13

Several five coordinate cationic hydrides, 1_4 and 1J^
for example, have also been characterized.

71 7 2
’

Their

preparation involved treating the parent four coordinate
nickel(0) compound with a strong acid in the absence of
moisture.

Tolman

73

has extensively studied the formation,

decay and reaction of 1_4.

His data were consistent with the

loss of a phosphite ligand from the nickel hydride to form
the catalytically active HNi[P(OEt)3]3+ .

This coordinately

unsaturated hydride was capable of isomerizing butenes
codimerizing ethylene and butadiene.

40

In the latter case,

1,4-hexadiene and 3-methyl- 1,4-pentadiene were the only
diene products found.

The initial product, it-C^H^NiL^*,

and

17
resulting from the 2,1- addition of nickel hydride to one of
the double bonds, was observed by pmr spectroscopy and was
isolated as the PF,^ salt.
o
i+

H

CH2<C6Hs h \

|/ P (C6H 5 b CH2
Ni

HNi[P(OEt)j1

CH2'C6H 5 b p /

N p CC6H5)2cH 2

11

11

An interesting property of these transition metal
hydrides is the unusually large upfield shifts which are
observed in their pmr spectra.

This is best illustrated by

the metal hydrides 12a and 14 which exhibited proton resoWilkinson0 *

nances at t 34.6 and 14.5 respectively.

was

the first to suggest that the shielding was a result of the
anisotropy associated with the metal ion.
As a basis for the Ramsey theory,
Vleck

76

75

the theory of Van 7

predicts that a metal ion which possessed incom

pletely filled d subshells, with all electrons paired in the
ground state, may exhibit weak temperature-independent para
magnetism if the energy differences between the ground state
and excited states are low enough to allow mixing of these
states.

The magnitude of this paramagnetic contribution to

the magnetic susceptibility of the metal ion was later shown
by Griffith and Orgel

to be inversely related to the

energy differences between these electronic states.

As a

18

result of the anisotropy in the induced paramagnetic field,
Buckingham and Stevens

7 8 79
’
were able to predict that those

protons, which lie in the bonding plane of 1_6, would be
highly shielded.

Included in their theory was the import

ance of the M-H internuclear distance.
Green and coworkers

80

have examined this dependence

and have found that a linear correlation could be made
between the proton chemical shifts and the Pt-H stretching
frequencies in 1^ where X was variously substituted benzo
ates.

However, if the nature of this ligand X varied

greatly, i.e., Cl, C N , etc., the change in the shielding of
the proton was found to be more complex.
PEt,
I
X -Pt - H
I
PEt3

16_
A nickel hydride has been postulated to be involved in
the skeletal rearrangements of 1^ and 2_.

This nickel hydride

was believed to be generated in a series of steps involving
the catalyst components; DIBAC (diisobutylaluminum chloride)
and a tertiary phosphine nickel(II) salt,

(R^P^NiC^.

16

Precedent exists for the alkylation of the nickel by the
aluminum component

8182
’

and a subsequent 8-elimination

8384
’

of the elements of nickel hydride from the resulting alkyl
nickel species.

This interpretation is substantiated by the

19

identification of isobutylene in the product mixture from
the isomerization of trans-1,4-hexadiene at 85°.
The scope of these skeletal rearrangements have re
cently been extended to several additional systems in order
to learn more about the nature of the catalyst system.
Baker^

found that the catalyst components skeletally re

arranged the parent 1,4-diene, 1 7 , to the type I product,
2-methyl-1,3-butadiene and lesser amounts of cis- and trans1.3- pentadiene.

The two methyl labeled dienes, 2-methyl-

1.4- pentadiene , 18_ and 3,3-dimethy 1 - 1,4-pentadiene , 19_ gave
2,3-dimethyl-1,3-butadiene and 2,3-dimethyl-1,4-pentadiene
respectively by the type I rearrangement.
product,

The type II

5-methyl-1,4-hexadiene, was also observed from 19.

49 51
PinkeH ’
has labeled several carbon atoms in cis1,4-hexadiene, 1, and was able to determine the fate of each

20

as they were transformed in the type I skeletal change.
Coupling the results of both the methyl and deuterium label
ing experiments, the origin of 4 of the 6 carbon atoms in
trans- 2-methy1-1,3-pentadiene have been determined.

Each

carbon with its label in 1_ was found to assume the position
in the product as described by equation 16.

Such a process

requires that the C^-C^ bond be cleaved in the transforma
tion.

Additional information about the nature of the cata
lyst species was obtained by examining the deuterium content
of the products and recovered starting materials.

This in

cludes the observations that (1) each molecule of cis-1,4hexadiene, 1_, and products retains the same deuterium
content when 1_ was labeled at the internal double bond,
(2) the deuterium at C-3 of 1_ were intermolecularly trans
ferred from one molecule to another and (3) the 2,4-hexadienes were formed by losing a deuterium from C-3.

All of

these results are consistent with the 1,2- or 2,1- addition
of the elements of nickel hydride to the terminal double
bond of the diene.
Attempts were made to substantiate the existence of a
nickel hydride and the importance of the transition metal.
It was observed that the hydride, 14, would only catalyze

21

the double bond isomerizations while the more stable hydride,
12a was completely inert toward 1_.

The known coordinately

unsaturated ethylenebis(triphenylphosphine)nickel(0), 2 0 ,
on combination with HC1 was found to skeletally isomerize
1^.

Unfortunately, as a result of its preparation,

this

nickel(0) compound contained about 0.01 mole percent of
aluminum impurities and could not be used to rigorously
limit the active catalyst species to the nickel component.
Two pathways have been suggested for the type I skeletal change

16 49 51
’ ’
and each initially involves the 2,1-

addition of the elements of nickel hydride to the terminal
double bond of the diene.

The first is the propenylnickel

pathway (Scheme la) which involves cleavage of the C-^-C^
bond in such a manner that a propenyl and vinyl group are
bonded to nickel.

Coupling these fragments in the appro

priate manner leads to the rearrangement product.

Scheme l.--The proposed skeletal rearrangement steps
in the type I transformation; (a) propenylnickel and
(b) cyclopropylcarbinylnickel pathways.

22

The second is the cyclopropylcarbinylnickel pathway
(Scheme lb) which involves cyclopropyl ring closure as a
result of intramolecular coordination of the internal double
bond.

Reopening in the opposite manner leads to the re 

arranged product.
Support for the latter pathway results from the re
arrangements of cis- and trans- 2-methylvinylcyclopropanes,
21 and 22_.

The products which were observed were the same

as those from 1_ with the exception of the trans, trans-2,4hexadiene.

49 5 7
*

Ethylene was observed to have an interest

ing effect upon these isomerizations at -22°.

Not only did

it cause a rate enhancement in the conversion of 21 and 22,
it also led to a product mixture with "kinetically con
trolled" rather than the usual "thermodynamically controlled"
- .
49 57
composition.
*

22

The skeletal change resulting from the type II re
arrangement indicates a process which formally involves
cleavage of the diene C^-C^ bond and recombination of the
two hydrocarbon fragments.

Two logical pathways, the

23

cyclobutylcarbinylnickel

(Scheme 2a) and fragmentation

(Scheme 2b) pathways accomplish these requirements.

Each

initially involves the 1,2- addition of nickel hydride to
the terminal double bond.

The cyclobutylcarbinylnickel

pathway is analogous to the cyclopropylcarbinylnickel path
way except in this case ring closure generates a cyclobutyl
rather than a cyclopropyl ring.

Reopening of the cyclobutyl

ring in the opposite manner leads to the observed product.
The fragmentation pathway involves a carbon-nickel $elimination and recombination in the opposite manner of the
resulting fragments.

Scheme 2.--The proposed skeletal rearrangement steps
in the type II transformation; (a) cyclobutylcarbinylnickel
and (b) fragmentation pathways for 19 .

24

Available evidence lends support for the fragmentation
pathway for the following reasons:

(1) the isolation of the

Cy dienes from the rearrangement reaction of 1,4-pentadiene5^ (products resulting from the codimerization of
ethylene with isoprene and 1,3-pentadienes), (2) the isola
tion of a Crj diene from a Cg diene when 3-methyl-1,4-pentadiene, 2_, was treated with the catalyst components under a
propylene atmosphere5^1 (equation 17) and (3) 2_ and 1_9 yield
only 1,4-dienes when treated with this catalyst even though
the cyclobutylcarbinylnickel pathway (Scheme lb) predicts
the formation of both 1,5- and 1,4-dienes.

In order to investigate the role of the transition
metal in these diene rearrangements model transition metal
compounds were prepared which were believed to possess
properties similar to those of the active catalyst species.
These models were designed to study the importance of an
available coordination site and the capabilities of the
catalyst to transfer the elements of metal hydride to the
olefinic substrate.

Since several coordinately saturated

and unsaturated tertiary phosphine or phosphite nickel(0)
compounds were known to oxidatively add strong protonic
acids, such potential nickel hydrides have been found to be

25

quite valuable in establishing the nature of the catalyst in
these skeletal rearrangements.

Other systems which were

believed to contain or generate metal hydrides were also
included in this study.

Once the role of the transition

metal was established, it appeared as if the aluminum com
ponent played a role in the type II transformation.
Complexes of the type trans-chloro(2-allylphenyl)bis(triethylphosphine)metal(II)

(M=Ni,Pd) and trans-bromo(2-

vinylphenyl)bis(triethylphosphine)metal(II)

(M=Ni,Pd) have

been under investigation as model intermediates in these
skeletal r e a r r a n g e m e n t s . ^ ’^

(These resemble the inter

mediates derived from the 1,2-addition of metal hydride to
1,4-pentadiene and 1,3-butadiene respectively.)

One of the

unusual properties of these complexes is found in their pmr
spectra.

Large downfield shifts are observed for several of

the alkenylaryl proton resonances.

An attractive explana

tion for these low field shifts is found in the theory of
Buckingham and Stevens.

79

In accord with their proposal is

the prediction that those protons which lie above or below
the bonding plane would be deshielded as a result of the
paramagnetic anisotropy associated with the metal ion (vide
supra) .

In order to determine if the downfield shifts could

be correlated with the electronic excitation energies sev
eral complexes possessing different auxiliary ligands were
studied.

Models also indicated that other related com

plexes, containing bulky substituents in the ortho position
of the phenyl ring should also be rigid enough to exhibit

26

extreme downfield shifts for those protons which are in
close proximity of the metal ion.
The results of this study (1) provide additional
information about the nature of the active catalyst species
in the skeletal rearrangement reactions and (2) establish
whether or not the downfield shifts can be explained in
terms of the paramagnetic anisotropy associated with the
metal ion.

PART II.

RESULTS

A.

PROPERTIES OF A POTENTIAL NICKEL HYDRIDE
IN THE 1,4-DIENE REARRANGEMENT

In order to determine the roles of the nickel and
aluminum components in these skeletal rearrangements,

it was

necessary to prepare a nickel compound which was free of
aluminum impurities.

From the results obtained by Pinke

49

using the catalyst combination of ethylenebis(triphenylphosphine)nickel (0) , 20_, and HC1 the related ethylenebis (tri-otoly lphosphite) nickel (0) complex, 2_3, appeared to be the
most logical choice since it could be prepared without using
aluminum reducing agents.

1.

Synthesis of ethylenebis (tri-jo-tolylphosphite) nickel (0) ,
TT.

Although the properties of 2_3_ were first reported by
Wilke,

87

the experimental conditions for preparing this com-8

pound were not described.

Gosser and Tolman

88

have observed

that one of the phosphite ligands of tr is (tri-o- toly lphos phite)nickel(0) could readily be replaced with ethylene.
Although this observation was described, the experimental
details for isolating 23 by this route were not reported.
A more convenient method for preparing 2_3 in higher
yield using nickel acetylacetonate, ethylene and triethylaluminum has been described by Seidel and Tolman.

89

Once

it was established that the aluminum component was not
responsible for the type I and the double bond isomerizations, 2T5 was prepared by this alternate procedure.

28

29

2.

Reactions of ethylenebis(tri-o-tolylphosphite)nickel(0),
23, and. HC1 with cis- 1,4-hexadiene, (L~
The addition of HC1 to a yellow toluene solution of

23 and cis-1,4-hexadiene, 1, at 25° (olefin:N i :HC1 ratio =
12:1:0.63) resulted in the formation of an amber colored
solution.

During the first 30 sec, 38% of .1 was converted
Of the 1_ that reacted, greater than 95% was

to products.

converted to a mixture of

isomers.

This product mixture

consisted of trans- 2-methyl-1,3-pentadiene (70%), trans,
cis- 2,4-hexadiene (10%) and cis , cis- 2,4-hexadiene (20%).
At this diene concentration, 0.15 molar, the trans-2-methyl1,3-pentadiene

: 2,4-hexadiene, (MePD : 2,4-HD), product

ratio was 2.3:1.0 .
Within 2.5 min, 80% of 1 was converted to the same
ratio of isomeric products.

Although the MePD : 2,4-HD

ratio was similar to that found for the catalyst combination
of DIBAC and Ni(II) salt,

(R^P)2NiCl2/R2^1Cl catalyst sys

tem, the ratio of the 2,4-hexadienes was quite different.
The c i s , trans- : c i s , cis-2,4-hexadiene ratio with this
catalyst combination was 0.5:1.0 as compared to 3.2:1.0 in
the (R^P) NiCl /R AICI catalyst system.
2

2

4Q

2

However, upon lowering the reaction temperature there
was a substantial decrease both in the catalyst activity and
in the MePD

: 2,4-HD product ratio.

ratio = 12:1:0.75)

At 0° (diene:Ni:HC1

only 51% of 1_ was converted, within 3

min, to an 80% yield of C^. isomers composed of trans - 2 methyl-1,3-pentadiene

(43%), trans, cis- 2,4-hexadiene (16%)
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and cis, cis_-2,4-hexadiene (411).

The MePD

: 2,4-HD ratio

was 0.75:1.00 at a diene concentration of 0.11 molar, while
the trans, cis- : cis, cis-2,4-hexadiene ratio was 0.39:1.0
At -22°

(diene:Ni:HC1 ratio = 13:1:0.81)

converted, within 6 min, in 65% yield to the

44% of 1 was
isomeric

products.

This mixture was composed of trans- 2-methyl-1,3-

pentadiene

(39%), trans, cis- 2,4-hexadiene (15.5%) and cis ,

cis- 2,4-hexadiene (45.5%).

The MePD

: 2,4-HD ratio, 0.14

molar, at this temperature was 0.64:1.0.

However,

longer

reaction times, greater than 30 min, produced better yields
of the isomeric products.

At conversions of 59 and 81% for

reaction times of 30 and 120 min respectively, the yields
of

isomeric products were about 88%.

The percentage of

trans-2-methyl-1,3-pentadiene in the isomeric product m i x 
ture dropped substantially over the 30 min reaction period.
The

products which were detected after this time were

trans - 2 -methyl - 1,3-pentadiene

(10%), trans , cis_- 2,4-hexa

diene (22%) and c i s , cis- 2,4-hexadiene

(68%).

The other

geometric isomer, trans, trans- 2,4-hexadiene, was not
detected in any of these product mixtures.
Neither 2_3 nor HC1 alone caused the rearrangement of
1_ during a 4 hr period at 25°, when the same reactant con
centrations were employed.

Addition of more than 1 eq of

HC1 did not affect the stability of the catalyst.

At 25°

when 3 eq of HC1 was added to a well stirred mixture of 2_3
and 1 (diene:Ni:HC1 ratio = 11:1:3) the same
products trans-2-methyl-1,3-pentadiene

isomeric

(71%), trans, cis-
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2,4-hexadiene (11%) and cis , cis- 2,4-hexadiene (18%) were
rapidly formed.

However,

the yield of

isomers was found

to decrease with the reaction time employed.
of 1_ was converted to the

In 30 sec, 38%

isomers in 98% yield, but after

3 min, at 79% conversion the yield had dropped to 88%.

The

rate of conversion of 1_ was not substantially different than
that observed when less than 1 eq was employed.
The visible spectrum of 23_ (benzene, ca. 2.0 x 10

-4

molar) exhibited an absorption band at 350 nm and a shoulder
on this band with an inflection at 382 nm.

Addition of an

equal molar amount of HC1 to this solution resulted in only
the destruction of 2_3.

This was evident by the decrease in

the intensities of the nickel(O) absorption bands.

A new

absorption band was only observed when a more concentrated
_
solution of 2_3 (2.51 x 10
molar) was employed.
This new
3

band appeared as a shoulder on the more intense bands of 2_3
with an inflection at 427 nm (e ca. 300) when an equal molar
amount of HC1 was added.

As repetitive scans were made of

this region, this band slowly disappeared under the more
intense absorption bands which extended into this region.
This transient absorption was only observed again by adding
HC1 to a fresh toluene solution of 2_3.

Addition of more

than 1 eq of HC1 produced extreme decomposition of 2_3 as was
evident by the large quantity of solid that precipitated
from these solutions.
The presence of 1_ seemed to have a stabilizing effect
on the absorption band at 427 nm.

Addition of an equal
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amount of HC1 to 2_3 containing an excess of 1 resulted in
the formation of the usual orange solution, but the band at
427 nm did not disappear as rapidly as it did in the absence
of 1_.

An excessive amount of HC1, as before, resulted in

rapid decomposition of 2_3 and the formation of colorless
solutions.

This band was not observed when only 23 and 1

were mixed.
An infrared spectrum of equal molar amounts of 2_3 and
HC1 in toluene or benzene, immediately after mixing, failed
to show the presence of a distinct Ni-H stretching frequency
near 1900 cm ^

A band in this region has been observed for

the known nickel hydrides.

6 6 -73

As was the case with other

concentrated solutions, extensive precipitation of solid
material was observed as toluene or benzene solutions of HC1
were being added to well stirred solutions of 23.
Tolman

73

has demonstrated the formation of a 1,3-

dimethyl-iT-allyl nickel species from the reaction of the
known hydridotetrakis (triethy lphosphite) nickel (11) , 1_4, with
trans- 1,3-pentadiene.

In order to demonstrate the existence

of a nickel hydride in solution, an attempt was made to
observe the formation of a related 1,3-dimethyl-Tr-allyl
nickel species.

Pmr spectra of 2_3 when treated with equal

molar amounts of trans-1,3-pentadiene and either HC1 or
CF^COOH showed that the singlet resonance of the coordinated
ethylene at t 8.06 had moved downfield so that it was superimposable on the singlet of the methyl protons of the
phosphite ligands

(t 7.86).

These results indicated the
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existence of a rapid exchange between free and complexed
ethylene in solution.

89

Addition of more 1,3-pentadiene

caused the ethylene resonance to shift even further downfield.

Resonances typical of either a 1,3-dimethyl-ir-allyl

species or a nickel-olefin complex were not observed.
Either of these may have been present, but, due to their low
concentrations, were not observed.

Alternatively, since

solid material was observed upon addition of the acid com
ponent, the concentration dependence could have resulted
from free ethylene which was produced by the acid catalyzed
decomposition of 2 3 .
3 .

Reaction of ethylenebis (tri-o.- tolylphosphite) nickel (0) ,
23. and HC1 w ith cis- and trans- 2-methy1vinyleyelopropanes, 21 and 22.
The addition of HC1 to a toluene solution of 23> and 21_

(olefin:Ni:HC1 ratio = 12:1:0.78, 0.11 molar in 21) at 25°
resulted in the rapid isomerization of 2_1 to a mixture of
isomers consisting of trans-2-methyl-1,3-pentadiene (651),
trans, trans- 2,4-hexadiene (101), trans, cis- 2,4-hexadiene
(25%) and a trace amount of a component which had the same
retention time as cis, cis- 2,4-hexadiene.

Within 1.5 min

501 of 21_ was converted to a 60% yield of the

isomers.

Extending the reaction period to 10 min afforded a 70% yield
of the isomeric products at 70% conversion.

Longer reaction

times up to 3.5 hr resulted in the conversion of only 71%.
The same

isomeric product ratio was maintained throughout

the reaction period.
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Treating a toluene solution of 2_3 and 22 (olefin:Ni:
HC1 ratio = 12:1.0:0.74, 0.14 molar in 22) at 25° with HC1
resulted in a rapid isomerization of 22 to a mixture of Cg
isomers consisting of trans- 2-methyl-1,3-pentadiene

(541),

trans, trans- 2,4-hexadiene (131), trans, cis- 2,4-hexadiene
(31%), and cis , cis- 2,4-hexadiene (2%).

Within 2.5 min, 561

of £ was converted in 801 yield to these Cg isomers.

After

5 min more than 70% of 2_2 was converted to this same ratio
of isomeric products.

No cis- 2-methyl-1,3-pentadiene was

detected in either of these isomerization reactions.

Con

trol experiments showed that HC1 alone was not responsible
for the production of the Cg isomers over a 5 hr period.
In several cases strained C-C a-bonds have been postu
lated to be cleaved by steps involving an oxidative addition

’

’

’

to or Lewis acid complexation

the transition metal.

’

’

of

The possibility of such a reaction

occurring between 23_ and the methylvinylcyclopropanes was
examined.

A well stirred toluene solution of 21_ or 22 was

treated with £3 (olefin:Ni ratio = 10:1) at 25°.

There was

essentially no loss of either of the starting materials, ££
or 22_, over a 2 hr period.

Two very minor products

(<1%

yield), of unknown identity, were formed when the reaction
temperature was raised to 58°, but the rapid formation of
products was not observed.

During this time the solution

slowly darkened from its normal yellow color and a large
quantity of solid was deposited on the walls of the flask.
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4 .

Reaction of ethylenebis (tri-c?-tolylphosphite) nickel (0) ,
23, and HC1 with trans-1,4-hexadiene, 2W .
Treating a toluene solution o£ trans- 1,4-hexadiene,

2 4 , and the nickel(O)

complex,

23, with HC1 at 25°

(diene:

Ni:HCl ratio = 10:1:0.45) resulted in a 321 conversion of 24
to products in the first 30 sec.

The trans-1,4-hexadiene

was converted to a mixture of trans, trans- 2,4-hexadiene
(28%), and trans, cis- 2,4-hexadiene (72%) in 98% yield.
After 3 min the reaction was essentially complete with more
than 80% of 2_4 being converted to the same ratio of isomeric
2,4-hexadienes in greater than 90% yield.

No product re

sulting from the type I rearrangement was detected.
nickel (0) compound,
mers.

The

23_, alone did not produce these

iso

These results were similar to those found for the

(R^P) NiCl /R AlCl catalyst system. ^
2

5.

2

2

Reaction of ethylenebis(tri-o-tolylphosphite)nickel(0),
23. and HC1 with 1,4-pentadiene, 17 .
A rapid isomerization of 1_7 occurred when a toluene

solution of 1_7 and 2_3 (diene:N i :H C 1 ratio = 12:1:0.7) was
treated with HC1 at 25°.

In 30 sec, 25% of 17_ was converted

in 95% yield to a mixture of C,- isomers.

This isomeric mi x 

ture consisted of 2-methyl-1,3-butadiene (71%), trans-1,3pentadiene

(11%) and cisy1,3-pentadiene

(18%).

The reaction

was essentially complete in 1 min with more than 45% of 17_
being converted in greater than 90% yield to the same ratio
of C,- isomeric products.

This ratio did not change over a

20 min period while the dienes were in contact with the
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catalyst components.

The nickel (0) compound, 23_, alone did

not produce any detectable products within 15 min.
Under nearly the same conditions, these results were
similar to those found for the (R^P)2NiCl2/R2AlCl catalyst
system,50 with the exception that both higher yields of
isomeric products and a much faster rate of conversion of 17
were realized.

The products, 3-methy1- 1,4-hexadiene and

4-methyl-1,4-hexadiene, resulting from a codimerization of
ethylene with 1,3-pentadiene and isoprene, respectively,
were not formed during the life-time of the catalyst derived
from 2_3 and H C 1 .

6 .

Reaction of ethylenebis (tri-p_-tolylphosphite) nickel (0) ,
23. and HC1 with 3 -methyl-1,T-pentadiene, 2 .
Treating a toluene solution of 3 -methy1-1,4-penta

diene, 2_, and 2_3 (diene :Ni:HC1 ratio = 11:1:0.6) with HC1 at
26° for 1 min resulted in a 23% conversion of 2 to products.
The only detectable products were those resulting from
double bond isomerization.
methyl-1,3-pentadiene

These isomeric products,

(Z)-3-

(34.51) and (E)-3-methy1-1,3-penta

diene (65.5%) were formed in only 31% yield which increased
to 51% as the reaction progressed.

The ratio of these two

Cg isomers remained the same over a 22 min period as 38% of
2 was converted to products.

In an additional 3 hr, while

in contact with the catalyst, the relative amounts of 2_ and
the product dienes did not change.

Deactivation of the

catalyst was observed, during this time, as a small amount
of solid material was deposited on the walls of the reaction
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flask.

When 23_ was used in the absence of the cocatalyst,

no double bond isomerization was observed.
In this case a transformation by the type I pathway
would only regenerate a diene having the same carbon skele
ton at the starting material, 2_.

There was no glpc evidence

for the formation of any 1,4-hexadiene or products derived
from a type II fragmentation r e a c t i o n . ^
To learn what part the aluminum component played in
the type II transformation, a toluene solution of 2_3 and 2_
was treated with HC1
3 eq of DIBAC.

(diene:Ni:HC1 ratio = 12:1:0.8) and

Glpc analysis indicated the formation of a

new product which had a retention time identical with that
of cis- 1 ,4-hexadiene.

This product slowly increased over an

8 min period before two new products, with retention times
longer than the 3-methy1- 1,3-pentadienes, were observed.

In

a separate experiment DIBAC was added to a mixture of 2_ and
23 in the absence of HC1.

Only the 3 -methy1-1,3-pentadienes

were detected before the catalyst was deactivated.
7 .

Reaction of ethylenebis (tri-o.- tolylphosphite)nickel (0) ,
23. and HC1 with 3 ,3-dimethyl-1,4-pentadiene , 1 9 .
a.

Preparation of 3,3-dimethyl-1,4-pentadiene, 1 9 .

The methyl groups on the doubly allylic position of
3,3-dimethy1-1,4-pentadiene, 19, prevent the formation of
the double bond isomerization products, but provide the
necessary asymmetry needed to detect the skeletal changes
involved in both types of transformations.

As a result
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this diene has been very useful in establishing the exist
ence of these two transformations in the same m o l e c u l e . ^
B a k e r ^ found that the preparation of 3,3-dimethyl1, 4 -pentadiene , according to the method of Meinwald and
Smith,
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involved the synthesis of 1,5-dibromo-3,3-dimethy1-

pentane in several rather low yield steps.

In an attempt to

try and circumvent this problem an alternate preparation of
this compound was carried out.
The readily available 3,3-dimethylglutaric acid was
converted in a series of four steps to the desired 1,5dibromo-3,3-dimethylpentane with the lowest yield step being
the conversion of the 3,3 -dimethy1-1,5-pentanediol to the
corresponding tosylate.

A much better method has been

reported by Reid and Gompf

9 2
using PBr^ for the direct con

version of the diol to the dibromide.
b.

Reaction of 3,3-dimethyl-1,4-pentadiene, 1 9 .

Addition of HC1 to a toluene solution of 19^ and 23_
(diene:Ni:HC1 ratio = 12:1:0.8) at 25° resulted in the slow
formation of only one detectable

isomeric product,

dimethyl- 1,4-pentadiene, in rather poor yield.

2,3-

In 2 min

only 11% of 19_ was converted in 11% yield to 2,3-dimethyl1.4- pentadiene.

After 4 min the reaction was essentially

over with only 19% of 19_ being converted to this product.
Over a 5.5 hr period there was no additional loss of 1_9 and
no change in the amount of the Cy product.

The 5-methyl-

1.4- hexadiene, expected from the type II transformation was
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not detected in aliquots removed from the reaction mixture
during this time.

Treating 1_9^ with 2_3 alone did not cause

this skeletal transformation.
A much slower reaction took place at 0°, but a higher
yield of the 2,3-dimethy1-1,4-pentadiene was realized.
Treating a mixture of 19_ and 23_ with HC1 (diene :Ni :HC1 ratio
= 12:1:0.80)

resulted in a 9% conversion of 19 and a 10%

yield of the 2,3-dimethy1-1,4-pentadiene in 7 min.

Extend

ing this reaction period to 3 hr resulted in a 24% conver
sion of 19_ with a 58% yield of the

product.

These

results suggested that during the initial stages of the
reaction the 1,4-diene which was lost was being tied up by
the catalyst and was slowly released over the 3 hr period.
In an attempt to increase the number of turnovers of
the catalyst, the catalyst components were mixed in the
presence of 19_ at 65° .

Treating a toluene solution of 19

and 2j>_ (diene:N i :HC1 ratio = 12:1:0.8) with HC1 resulted in
a faster conversion of 19_ to products.

In 1 min the reac

tion was essentially over, with 19% of 19 being converted to
2.3- dimethyl-1,4-pentadiene in only 10% yield.

No 5-methyl-

1.4- hexadiene was detected in this product mixture.
As was the case with 2_, it appeared as though this
catalyst combination of 2_3_ and HC1 was incapable of p ro
ducing the type II product.

In order to learn what role the

aluminum component played in the formation of this product,
MONOBAC was added to the reaction mixture 15 min after
activating the catalyst with HC1 (19:A1:23:HC1 ratio =
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12:3:1:0.8).

Five minutes after the addition of MONOBAC,

22% of 19_ was converted in 36% yield to 2,3-dimethy1-1,4 pentadiene

(43%) and 5-methyl-l,4-hexadiene (57%).

As the

reaction proceeded the amount of 5-methyl-1,4-hexadienes
increased to where it represented 63% of the product m i x 
ture.

In 30 min 36% of 1_9 was converted to these two

products.

Extending the reaction time beyond 2 hr resulted

in the formation of a new product which had a retention time
greater than that of the 5-methyl-1,4-hexadiene.

This

product was not identified because of its diminutive amount
and low volatility.
8 .

Reaction of ethylenebis (tri-o.- tolylphosphite) nickel (0) ,2
3
23. and HC1 with 2,3-dimethy1-1,4-pentadiene, 2 5 .
Treating a toluene solution of 2_3 and 2,3-dimethyl-

1,4-pentadiene , 2_5 (diene :Ni :HC1 ratio = 11:1:0.8) with HC1
at 25° resulted in a slight loss of 2_5 over a 6 hr period.
Products resulting from double bond migration as well as the
type II product, 4-methyl-l,4-hexadiene, were not detected.
The type I skeletal change in this case would only have
regenerated the skeleton of 2_5 and would not have been de 
tected .
In the early stages of the reaction 8% of the 1,4diene, 25_, was converted to products which could not be
detected by glpc, but after 3 min the catalyst appeared to
release the 2_5_.

As a result, 99% of 2_5 could be accounted

for in aliquots taken after 3 min.
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9.

Reaction of ethylenebis(tri-o-tolylphosphite)nickel(0),
2 3 , and HC1 with 1,1-dideuterio-2-methyl-1,4-pentadiene,
In order to demonstrate further the incapability of

this catalyst combination to produce the product derived
from the type II rearrangement,
pentadiene,

1,1-dideuterio-2-methy1-1,4-

2_6, was treated with 2J5 and HC1 (diene :Ni :HC1

ratio = 12:1:0.8) at 25°.

This resulted in the conversion

of 141 of 2_6 to 1,1-dideuterio-2,3-dimethyl - 1,3-butadiene
(43%) and trans-1,1-dideuterio-2-methy1-1,3-pentadiene (57%)
in 1 min.

These two isomeric products which resulted from

the type I skeletal change and simple double bond migration
respectively were present in 45% yield.

Extending the reac

tion period from 5 min to 5 hrs only resulted in 22% of 26
being converted to a 1:1 mixture of these two isomeric
products in about the same yield.

The combination of 2_3 and

26 alone did not produce any isomeric products even though
there was an 8% decrease in the amount of 2_6_ over a 9 min
period.

The pmr spectrum of recovered 245 did not exhibit any
significant change in the amount of deuterium at C-l as was
evident by the near absence of the proton resonance at
t

5.32.

Integration of the spectrum indicated that there
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was 96% deuterium in the C-l position as compared to 98% at
this position in the original 26^

If this catalyst combina

tion of 2_3 and HC1 were capable of producing the type II
product, a substantial decrease in the amount of deuterium
at C-l and an increase in deuterium at C-3 would be expected
(see Scheme 2 b ) . ^
10 .

Reaction of cis-1,4-hexadiene, 1 , with ethylenebis(trio.- toly lphosphite) nickel (0) , 23, and strong acids.
Since a number of strong protonic acids were known

to react with nickel(0) complexes to generate nickel hyA

drides,

7T

’

77

HBr and CF^COOH were used as cocatalysts

with 2_3 to ascertain what effect the auxiliary ligand played
in the skeletal rearrangement of cis-1,4-hexadiene.
Adding HBr to a toluene solution of 2_3 and 1^ (diene:
Ni:HBr ratio = 12:1:0.89)

at 0° resulted in a rapid loss of

1_ and a greater than 95% yield of the

isomeric products.

After 30 sec, 72% of 1_ was converted to a Cg isomeric
product mixture of trans- 2-methyl- 1,3-pentadiene

(47%),

trans, cis- 2,4-hexadiene (15%) and cis , cis- 2,4-hexadiene
(38%).

The reaction was essentially complete in 7 min with

96% of 1_ being converted to trans - 2 -methyl - 1,3-pentadiene
(40%), trans, cis- 2,4-hexadiene (17%) and cis , cis- 2,4hexadiene

(43%) .

The addition of trifluoroacetic acid to a toluene
solution of 1_ and 2_3 (diene:N i :CF^COOH ratio = 12:1:0.6,
0.13 molar in diene) resulted in the formation of the same
isomeric dienes, but in much lower yield.

The amount of
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1 which was converted to these isomeric products dropped

substantially.

After 1 min at 25° the reaction essentially

ceased with only 15% of 1_ being converted to
60% yield.

isomers in

This product mixture was composed of trans- 2 -

methyl-1,3-pentadiene

(75%), trans, cis- 2,4-hexadiene (12%)

and c i s , cis- 2,4-hexadiene (13%) with a MePD:2,4-HD ratio of
3.0:1.0.

Allowing these isomeric dienes to remain in con

tact with the catalyst components over a 3 hr period r e 
sulted in a slight increase in the amounts of 2,4-hexadienes.
B.

In this time no additional loss of 1_ was detected.
PROPERTIES OF OTHER POTENTIAL TRANSITION METAL
HYDRIDES IN THE 1,4-DIENE REARRANGEMENT

A number of palladium, nickel and platinum hydrides
have been described recently in the literature (see Intro
duction) .

Some of these have been so unstable that only

solutions of the hydrides have been studied.

The inertness

of chlorohydridobis(tricyclohexylphosphine)nickel(II), 12a,
toward cis- 1,4-hexadiene probably reflects its stabili49 9 4
ty. ’

With this in mind, cis-1,4-hexadiene was treated

with several other catalyst combinations which were believed
to generate or contain a metal hydride.
1.

Preparation of b i s [1,2-bis(diphenylphosphino)ethane]nickel(O), 27, and its interaction with cis-1,4-hexadiene, 1 , with and without H C 1 .
The nickel(O)

complex, b i s [1,2-bis(diphenylphosphino)-

ethane] nickel (0) , 2_7, was prepared by reducing an ethanolwater solution of b i s [1,2-bis(diphenylphosphino)ethane]-
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nickel(II) bromide with sodium borohydride according to the
general procedure of Chatt, Hart and Watson.

9 5

Generation

of the five-coordinate nickel hydride could be accomplished
by treating the yellow solution of 27_ with anhydrous HC1.
However, Schunn
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reports that attempted recrystallization

of the hydride complex from toluene was unsuccessful due to
its rapid decomposition.
To avoid such decomposition, the hydride was prepared
in the presence of .L.

The yellow color of a toluene solu

tion of 27_ and 1^ (diene :Ni:HC1 ratio = 12:1:1) at 25°
rapidly turned orange as HC1 was added.
precipitated from this solution.

The hydride slowly

During a two hour period,

while 1_ was in contact with the catalyst components,

there

was essentially no loss of 1.
Preparation of trans- (borohydrido)hydridobis(tricyclo
hexy lphosiphine)nickel(II), 13, and its reaction with
trans-didhlorobis (tri-n-but’^lphosphine)nickel(II), 28
in the presence of cis-1.4- lexadiene, _1.
Green, Munakata and Saito

70

have reported pmr evidence

for the existence of a mixed phosphine nickel hydride pr e 
pared by mixing a benzene solution of trans-dichlorobis(trin-butylphosphine) nickel (I I) , _28, with trans- (borohydr ido) hydridobis (tricyclohexy lphosphine) nickel (I I) , 1_3.
their procedure the borohydrido compound,

Following

13 was prepared

by adding sodium borohydride to an ethanol-acetone suspen
sion of trans-dichlorohydridobis(tricyclohexylphosphine)nickel(II).49,70
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Addition of 2_ to the amber colored toluene solution
obtained by mixing 1_3 and 2_8_ (diene:1_3:2_8^ ratio = 12:1.4:1)
resulted in the formation of three primary and several minor
products in rather low yield.
verted in 33% yield to a

After 6 hr, 18% of 1_ was con

isomeric product mixture con

sisting of trans- 2-methyl-1,3-pentadiene (60%), trans, cis2,4-hexadiene (11%) and an unknown product (29%) exhibiting
a shorter retention time than that of 1.

This latter prod

uct was presumably 2-hexene formed from reduction of the
terminal double bond of 1.
Even though ethylene was known to have a remarkable
effect on the rate of isomerization of 1_ in the (R^P) 2^1(112/
R AICI catalyst system,

49

2

its presence in this reaction mi x 

ture did not appear to enhance the formation of the isomeric
products.
3 .

The rearrangement of cis -1,4-hexadiene , ^L, with d i 
methyl aluminum chloride and trans-dichlorobis(tri-nbutylphosphine)nickel(II), 28 .*
9
4
In all the skeletal isomerization reactions which were

studied using a nickel(II)

salt and an alkylaluminum cocata

lyst, the aluminum component has always contained an alkyl
substituent which could upon alkylation of the nickel gen
erate a nickel hydride by a nickel hydride 8-elimination
process.

49 50
’

In order to ascertain whether this was a

necessary condition for rearrangement dimethylaluminumchloride, which possesses no 8-hydrogens, was employed as
the cocatalyst in place of DIBAC.
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Treating a toluene solution of 1_ and trans -dichlorobis (tri-n-butylphosphine)nickel (II) , 2J3, at 25° with dimethylaluminum chloride

(diene:Al:Ni ratio = 13:4.1:1; diene

concentration = 0.13 molar) afforded a much slower conver
sion of 1_ to isomeric products.

In 2 min 18% of 1_ was con

verted in 77% yield to a Cg isomeric product mixture con
sisting of trans-2-methyl-1,3-pentadiene (52%), trans, cis2,4-hexadiene (38%) and cis , cis- 2,4-hexadiene

(10%).

After

80 min essentially 76% of 1 had been converted in greater
than 60% yield to this same ratio of isomeric products.
MePD

The

: 2,4-HD ratio was 1.1:1.0 for the product mixture at

76% conversion.
Several logical pathways could be envisioned for the
generation of the catalytically active nickel hydride in
this case (see Discussion Section).

In an attempt to obtain

evidence for the formation of Cy products, an equal molar
mixture of 2_8 and 1^ was treated with dimethylaluminum chlor
ide (diene:Ni:Al ratio = 1:1:3) at 25°.

The red colored

solution appeared to lose much of its intensity as the alu
minum component was being mixed in, but products correspond
ing to Cy dienes were not detected.

It was also noticed,

however, that at this diene:Ni ratio most of the olefinic
substrate was being converted to undetectable products.
4.

Reaction of cis- 1.4-hexadiene, 1 , with trans-dichlorobis(tri-n-butylphosphine)palladium(II) and DIBAC.
Pinke

49

found that the color of a toluene solution of

1_ and trans -dichlorobis (tri-n-butylphosphine)palladium (11)
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changed from yellow to colorless upon the addition of DIBAC
at room temperature.

The only products which were detected

were those resulting from double bond isomerization.

These

were found in only 1% yield at very low conversions of 1_.
However, upon warming a mixture of trans-dichlorobis (tri-n-butylphosphine)palladium(II), 1 and DIBAC
Ni ratio = 11:4.5:1)

(diene:Al:

to 65°, the skeletally rearranged prod

uct trans- 2-methyl-1,5-pentadiene could be detected as a
minor product.

After 2 hr, 901 of 1 was converted to a

product mixture consisting of three major and several minor
products in 801 yield.

The major products were identified

as trans, trans- 2,4-hexadiene (37%), trans, cis- 2,4-hexadiene (29%), and cis, cis-2,4-hexadiene (9%).

The only

minor product identified was trans- 2-methyl-1,3-pentadiene
(3%) .
C.
1.

PROPERTIES OF MODEL INTERMEDIATES IN THE
SKELETAL ISOMERIZATION OF 1,4-DIENES

Preparation and properties of alkenylaryl and alkylaryl
metal compounds.
The compounds used in this study were prepared by

treating a nickel(II) or palladium(11) salt which contains
phosphine ligands with the appropriate phenyl Grignard re
agent.

This method was in accord with the general proce

dures reported by Chatt and S h a w ^

and Calvin and C o a t s ^

for the preparation of similar arylnickel and palladium
compounds.

Several of these compounds, the trans-chloro-

(2-allylphenyl)bis (triethylphosphine) nickel (II) , 2_9_, the
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palladium analog, 30_; trans_-halo (2 -viny lpheny 1) b is (triethylphosphine) nickel (11) , 3 1 ; and the palladium analog, 32_, were
first prepared and characterized by Fahey

and P a r n e l l ^ to

study some of their chemical and physical properties.
Following the general procedure, compounds 29_ and 30_
were prepared in good yield by treating either trans-dichlorobis(triethylphosphine)nickel(II)

or the palladium

analog with 2-allylphenylmagnesium chloride in tetrahydrofuran-ether solution.

In a similar manner the styryl com

pounds, 31a and 31b, were prepared by treating the appro
priate trans-dihalobis(triethylphosphine)nickel(II)

or the

palladium analog with the corresponding 2-vinylphenylmagnesium halide.

Treating traris_-dichlorobis (triethylphos

phine) nickel (11) with 2-vinylphenylmagnesium bromide
resulted in a mixture of 31a and 3 1b.

This was determined

from the fact that the pmr spectrum contained extraneous
proton resonances not expected for pure 31a and 31 b .

To

alleviate this problem the mixture of 31a and 31b was
refluxed with a 2 molar excess of lithium bromide in acetone
for 10 min to give pure 3 1 b .

Treating trans-dichlorobis-

(triethylphosphine)palladium(II) with 2-vinylphenylmagnesium
chloride afforded the mixture of 32a and 32b.

Refluxing

this mixture in acetone containing lithium bromide also gave
the pure bromo compound, 32b.
Compounds 3lc-g were obtained by refluxing either 29a
or 29b in acetone containing the appropriate alkali metal
salt.

It was important to limit the reaction time to 10-15
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min.

Longer times always resulted in very complex mixtures

of compounds of unknown composition.

This was quite evident

by the presence of a large number of unexplainable reso
nances in the pmr spectrum.

2_9 M=Ni ,

X=C1

30 M = P d ,

X=C1

1

1

M=Ni, a, X=C1; b, X=Br;
c, X = I ; d, X=NCS; e, X=
f, X=NO 2 ; g, X=NC0

32 M = P d ; a, X=C1; b, X=Br
The NCO ligand of 3lg exhibited C-N and C-0 stretching
frequencies at 2230 and 1322 cm ^ respectively in nujol or
benzene solution.

Sabatini and Bertini

9

8

have shown that

this ligand was coordinated through nitrogen in several
cases by comparing the C-0 stretching frequency of the
complex with the stretching frequency of the uncoordinated
ligand in KNCO.

In all cases a band near 1330 cm

was

1

found to be indicative of nitrogen coordination of the NCO
ligand.
The NCS ligand in 3Id exhibited infrared absorption
bands, as a nujol mull or benzene solution, near

2

1

1

0

and

832 cm ^ for the C-N and C-S stretching frequencies respectively.

Parshall

99

has reported similar bands at 2107 and
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823 cm

for a related platinum compound, trans-isothiocya-

nato-pyf luorophenylbis (triethylphosphine)platinum(11) .

The

C-N absorption band at 823 cm ^ in this particular example
was used as an indication that the NCS ligand was bonded to
the metal through the nitro g e n . ^
Bertini

10 2

Sabatini and

have pointed out that the use of this band could

possibly lead to erroneous conclusions since some sulfur
bonded SCN ligands possess an overtone band from a SCN
deformation vibration in this region.
However from their data, the most reliable feature for
diagnosing the bond type in SCN containing tetrahedral pa l 
ladium complexes was the characteristic appearance of the
C-N absorption band.

Their results indicated that whenever

bonding occurred through the nitrogen a rather diffuse band
appeared below

2

0

0

cm ^ whereas if bonding occurred through

0

sulfur this band was quite sharp and appeared above
cm ^ .

2

0

0

0

Although the C-N band in 3Id appeared as a broad

absorption above

2

0

0

0

cm ^ , it was believed to be bonded to

nickel through the nitrogen.

These assignments for both the

NCO and NCS ligands in the styryl nickel compounds were
substantiated by ( ) the similarities in their visible
1

absorption frequencies,

( ) the position of these bands in
2

the spectrochemical series relative to those of other
styrylnickel compounds

103

and (3) the nearly identical p ro

ton chemical shifts in the pmr spectra (vide infra) .
Compound 31f exhibited infrared absorption frequencies
which were typical of other complexes containing the NC^
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ligand.Absorption

bands not found for the chloro

compound, 51a, appeared at 1342, 1325 and 809 cm

-

1

as a

nujol mull and at 1350, 1327 and 810 cm ^ in benzene solution.

Dyer and Venenzi

104

have reported similar values of

1400 cm ^ [v^gfNO^)], 1300 cm ^ [VgfNC^)]
[v(ONO)].

and 815 cm ^

Although the 1400 cm ^ region contained absorp

tions from the phosphine ligands, the observable bands
appeared to be consistent with a bonded NC^ ligand in this
complex.
Treating trans-dichlorobis(triethylphosphine)nickel(II)
or the palladium compound with the Grignard reagent derived
from

2

-chloro-a-methylstyrene afforded trans-chloro( -a2

methylstyryl)bis(triethylphosphine)nickel(II), 3 3a, and the
-palladium compound, 3 3 b , in good yield.

The iodo deriva

tive, 33c, was also obtained if an excessive amount of
iodine was used to initiate the formation of the Grignard
reagent from

2

-chloro-a-methylstyrene.

a, ,

iu- im-L,

A-ox,

b, M = P d , X=C 1 ;
c, M = P d , X=I
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All of the alkenylaryl metal compounds described so
far exhibited infrared absorption bands in the 1618-1637
cm

1

region, characteristic of a vinyl C=C stretching fre

quency, and in the 850-995 cm

region, characteristic of

a vinyl out-of-plane deformation vibrational frequency.
These absorption values were found to be much the same in
chloroform and benzene solution or as a nujol mull.

If any

significant bonding occurred between the metal and olefin
ligand, the C=C stretching frequency was expected to be
shifted to much lower frequencies ."*"*"*^

For example, coordi

nation of 1,5-hexadiene to n-cyclopentadienyl Rh(I)
a shift of 160 cm

leads to

whereas a shift of ca. 140 cm ^ has

been observed for coordinated olefins to PtCII)106,107 an^
Ni(0)
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complexes.

Since these alkenylarylmetal compounds

exhibited similar absorption bands as those found for the
free hydrocarbon ligands, it appears as if there was very
little if any interaction between the metal and the olefinic
tt

system in the ground state.
The remaining infrared absorption bands were primarily

those due to the phosphine ligands.

Patterns characteristic

of triethylphosphine ligands were observed in the 1250-1450
cm

region, C-H deformation vibration;

1050-1100 cm ^

region, P-C stretching vibration; and 700-770 cm
C-H rocking vibrations.

1

region,

These bands were similar to those
1 0

observed in free triethylphosphine.

8

The isopropyl compound 34^, was prepared by treating
trans-dichlorobis(triethylphosphine)nickel(II) with the
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Grignard reagent of 2-chloroisopropylbenzene.

Compound 3_4

exhibited infrared bands which were attributed to the phos
phine and alkylphenyl ligands.

The usual doublet expected

for the gem-dimethyl group at 1380 cm ^ was obscured by the
deformation vibrations in

.CH _
c h 3~t

<\
/ .\ H
__

V

PEt,
/

Ni --- Cl

i
/

PEt

3

34
These 2-alkyl- and 2 -alkenylarylnickel compounds were
yellow to golden brown solids at room temperature and each
exhibited characteristic absorption bands in the visible
region (vide infra) .

All were quite stable to air in the

solid state but showed signs of decomposition if stored at
room temperature for extended periods of time.

If solutions

containing them were exposed to the atmosphere for a few
hours a considerable amount of decomposition resulted.

This

was evident from the amount of insoluble material which was
formed and the severe line broadening which was observed in
their pmr spectra.

Freshly prepared deuteriobenzene or hep

tane solutions, however, exhibited no appreciable line
broadening.

Magnetic susceptibility measurements were not

attempted because of the tendency of the organonickel
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compounds to decompose irreversibly to give small amounts of
paramagnetic products.

The colorless palladium compounds

were found to be more stable when exposed to air.

Appre

ciable decomposition in solution at ambient temperature took
place only after several days.
Each new compound was submitted for a carbon and
hydrogen analysis and in each case the experimentally deter
mined value was found to be within experimental error of the
calculated value.

Several of these compounds

(see Experi

mental Section) were also submitted for halogen, phosphorous
and/or molecular weight determinations.

In each case the

results were also consistent with the theoretical values.
Elemental analyses and molecular weights on compound 29, 30,
29a, 29b and 32b as well as the experimentally determined
dipole moments of 2.29 and 2.85 D for 29_ and 31b have previously been reported.

’

The pmr spectra of each of these compounds were re 
corded and will be presented in a later section (vide
infra) .
The

31

P nmr spectra of 31b and 32b were also recorded

and, in each case, only one multiplet resonance was observed.
The chemical shifts relative to 85% H^PO^ were found to be
-9.2 ppm for 3lb in both deuteriochloroform and benzene.
Compound 32b exhibited a chemical shift of -11.2 ppm in
deuteriochloroform.
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2.

Preparation and properties of trans-chloro(dichlorovinyl)bis(triethylphosphine)nickel(II)I
The compound,

trarrs-chloro (dichlorovinyl)bis (triethyl-

phosphine) nickel(II) was prepared by treating a toluene
solution of b i s (2,4-pentanedionato)nickel(II) with triethylaluminum at -25° in the presence of trichloroethylene and
triethylphosphine.

The tris(triethylphosphine)nickel(0) was

generated in situ according to the method reported by
Wilke1^

and Miller, Fahey and Kuhlman.^ ^

Only one isomer

of the possible three was obtained upon workup.

This was

evident from the pmr spectrum which only exhibited a triplet
resonance at x 4.75 with Jp^ = 3.5 Hz for the vinylic pro
ton.

The usual methyl quintet and methylene multiplet of

the phosphines were centered at x 8.87 and 8.45 respec
tively.

The pmr spectrum after treating this compound in a

sealed tube with HBr for one week exhibited a singlet reso
nance at x 4.28.

This singlet was presumably due to the

formation of one of the dichloroethylene isomers.

Although

the related platinum and palladium complexes are known,
contrasting structures have been reported for these two
compounds.

7 111
’

The x-ray crystal structure of this

dichlorovinylnickel(I I) complex is presently being deter
mined by Svetich and Voge of this laboratory.
3.

Electronic absorption spectra.
All of the organonickel and -palladium compounds

exhibited a number of very intense absorption bands in the
ultraviolet region which were believed to be charge transfer
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bands

(see Experimental Section).

Associated with each

nickel compound was a low intensity band in the 23,80029,000 cm ^ (visible) region (Table I).

This low energy

band was the only band detected on into the near-infrared.
In the case of 31a-31g the variation in the absorption
frequency with changes in ligand X were CN > NO^ > NCS =
NCO > Cl > Br > I , identical with the spectrochemical series.
In most cases the extinction coefficients could not accu
rately be determined since these bands appeared as shoulders
of the intense charge transfer band which extended into this
region.

Related bands in the palladium compounds were

masked by the intense charge transfer bands in the ultra
violet region.
4.

Proton magnetic resonance spectra of arylnickel and
arylpalladium compounds.
a.

Pmr spectra at ambient temperature.

The pmr spectra of each of the compounds 2_9-3_4 ex
hibited resonances which were characteristic of the types of
ligands bonded to the metal ion.

Although most of the pr o 

tons in the alkenyl- or alkylaryl ligands exhibited chemical
shifts which were similar to those of the free ligands,
extreme downfield shifts were found for several protons in
the hydrocarbon side chain.

These low field shifts were not

the result of a solvent shift since the same phenomenon was
observed in hexane, deuteriobenzene, tetrachloroethylene and
deuteriochloroform solution.

These compounds also did not

exhibit a concentration dependence within the detectable
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TABLE I
LOWEST ENERGY ABSORPTION IN THE ELECTRONIC
SPECTRA OF ORGANONICKEL COMPLEXES
3

PEt
^
Y--- Ni -- -X
|
1

PEt3
Compound

Y

X

v , cm

-

1

e

Cl

Cl

2

2-Allylpheny1

Cl

24,800

430b

Trichlorovinyl

Cl

24,500

50 2b

Dichloroviny1

Cl

24,700

560b

33a

2-a-MethyIstyry1

Cl

24,600

473b

34

2

Cl

24,800

530b

31c

2-Styryl

I

23,800

436b

31b

2-Styryl

Br

24,600

43 7b

31a

2

-Styryl

Cl

25,200

430b

29

-Isopropylpheny

1

1

,

1

0

0

400

3lK

2-Styryl

NCO

26,300

5 52c

31d

2-Styryl

NCS

26,300

791C

31£

2-Styryl

N

2 7 ,900d

59 0C

31e

2-Styryl

CN

28,900

8 6

Measured in n-heptane at ca .
bMinor shoulder character.

2

0

2

2

°.

The total e is reported.

Q

Substantial shoulder character.
ported .
dWas the same in benzene solution.

The total e is re

2

C
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range of the spectrometer.
The phosphine proton resonances

(Table II) of these

compounds consisted of an apparent quintet for the methyl
groups resulting from a fortuitous spin-spin coupling of
both the phosphorous and methylene protons, ca..

8

Hz.

The

methylene protons appeared as a complex multiplet which was
not analyzed.

These splitting patterns were unlike that

found for uncomplexed triethylphosphine which exhibits two
complex multiplets centered at t 9.04 and 8.80,

112

but were

similar to those observed for other trans-triethylphosphine
compounds.
31

99 113 114
’
’

These observations coupled with the

P nmr and dipole moment data indicated that these com

pounds possess the trans-planar configuration.
In all the palladium compounds, _30 and 3_2, as well as
the nickel compounds, 31c, 31e, 33 b , and 3 3c, the phosphine
methyl and methylene resonances were separated enough to
observe both splitting patterns.

Only a part of the methyl

quintet was discernible in the 60-MHz spectra of 31a, 31b,
31d, 31f, 31g, 33a, 34 and 2_9 due to overlapping of the
methylene multiplet.

However, in the 100 MHz spectrum of

31b these two multiplets were separated.
The aromatic region of all these organonickel and
-palladium compound consisted of three sets of complex
multiplets which were not analyzed (Table II).

Where p os

sible the t values were estimated from the centers of the
multiplets, but in some cases location of the second multi
plet was obscured by the presence of proton impurities in
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TABLE II
PROTON MAGNETIC RESONANCE POSITIONS OF THE AROMATIC AND
TRIETHYLPHOSPHINE PROTON MULTIPLETS IN ALKENYLARYL
AND ALKYLARYL NICKEL AND PALLADIUM COMPOUNDS3Aromatic

Et P

b
Multiplets, T

Compound
1

Multiplets, x
3

Q

ch2

ch3

8.80

9.00

3.01

8.49

9.04

2

29

2.59

30

2.62

31f

2.60

2

.81

3.16

8.93

9.06

31a

2.43

2.74

3.14

8

9.00

31b

2.42

2.77

3.15

8.67

9.01

31c

2.51

2.78

3.13

8.58

9.05

31g

2.61

2.81

3.14

8.94

9.08

31d

2

d

3.15

8.94

9.08

31e

2.69

2.79

3.10

8.67

9.06

32b

2.63

3.06

8.45

9.07

33a

2

3

8.64

9.04

33b

2.45

3.15

8.53

9.08

33c

2.48

3.02

8.43

9

34

2.62

3.13

8.77

8.99

.

.

6

2

d

8

0

2

.

8

d

3

6

.

.

1

1

1

2

.

8

8

cl

Measured in CgDg solution at ambient temperature.
values were the estimated center of each multiplet.

.

1

1

x

Determined by the side banding technique (see Experi
mental Section).
Q

Measured directly from the tetramethyIsilane signal.
^Multiplet obscured by proton impurity in C^D^.
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the deuteriobenzene.

Compared to the aromatic protons in

the parent hydrocarbons,

two of the three aromatic multi-

plets were found at much different field strengths.

For the

styryl compounds, 51a-g, one multiplet was shifted upfield
0.25-0.31 ppm while the other multiplet was shifted downfield 0.16-0.43 ppm from the aromatic proton resonance in
styrene, t 2.85.

The low field multiplet in 32a was the

largest observed, 0.55 ppm from the aromatic multiplet in
a-methylstyrene, x 2.75 (C^Dg).

These low field shifts were

of the same relative magnitude as the downfield shifts
observed for the methyl resonances in several o-tolylnickel
derivatives

(Table III).

The chemical shifts of the protons in the allylic side
chain of compounds 2_9 and 30_ were similar to those of allylbenzene with the exception of the low field shifts of the
benzylic protons

(Table III).

In the nickel compound,

29,

these protons exhibited the largest downfield shift, 1.09
ppm relative to the benzylic protons in allylbenzene
2).

(Figure

These benzylic protons exhibited a doublet resonance

with a benzylic-vinyl proton coupling constant of 6.7±0.1
Hz.

In addition each of these resonances were further split

due to the weaker long range coupling of the terminal vinyl
protons.

The analogous allylphenyl palladium compound,

30,

exhibited a significantly smaller downfield shift, 0.64 ppm.
Each of the styryl nickel compounds, 31a-g was found
to exhibit the typical ABC spectral pattern for the vinylic
protons of the styrene moiety (Table IV).

Protons

and H c

TABLE III
BENZYLIC PROTON CHEMICAL SHIFTS IN 2-ALLYLPHENYL AND o-ALKYL DERIVATIVES
Chemical
Shift

Compound
Allylbenzene

Ab

6.79

Allylbenzene

C

6.59

trans-Cl(2-allylphenyl)(PEtv)0Ni

29

5.70

1.09

29

5.80

0.79

trans-Cl(2-allylphenyl)(PEtv)0Pd

30

6.15

0.64

trans-Cl(2-allylphenyl)(PEt7)0Pd

30

Toluene

6.25

0.34

7.85

Toluene

7.63

trans-Br(o-tolyl)(PEt3)0Ni

7.18

trans-(o-tolyl)(C^Cl^)(PEt7)0Ni
trans-(o-tolyl)(C C1 )(PEt?)0Ni
0

7

m-Xylene
6

1 2

Ni

D

6

3

C

85
c

6

D

6

cdci3

85
c

6

D

6

CDC1
C

3

85
85

6

D

6

cdci3

85

0.45

cdci3

85

7.22, 7.30

0.41, 0.33

CDC1

7.14, 7.22

0.71, 0.63

7.66

trans-Br(2, -dimethylphenyl)(PEtT)

C

Reference
c

6

CDC1

trans-Cl( -allylphenyl)(PEt7),,Ni
2

Solvent

7.08

C

6

D

6

CDC1
0.58

3

3

85

cdci3

85

TABLE III--Continued
Chemical
Shift

Compound
Isopropyl benzene

Ab

7.27

trans-Cl(2- isopropylbenzene)(PEt7)0Ni

34

5.56

1.71

Solvent

Reference
c

C

6

D

6

C

6

D

6

c

Chemical shifts were measured directly from tetramethyIsilane resonance
employed as an internal standard except where stated.

which was

■
j
^

x ru
(hydrocarbon)^

• * • ~v measured in the same solvent.
(derivative)

Ci
Chemical shifts which were determined in this work.
The C^Dg solution spectra were
calibrated using the "side banding" technique (see Experimental Section).

On

ISO

TABLE IV
VINYL PROTON CHEMICAL SHIFTS IN STYRENE DERIVATIVES

Compound

Solvent

Chemical Shifts, x
------------------Hb
Ha
Hc

3

Shifts,^ ppm
----------------a
b
c

Ref.

Styrene

cdci3

3.33

4.85

4.35

Styrene

cci4

3.33

4.80

4.34

115

3.40

4.93

4.40

c

Styrene

C

6

D

8 6

6

2-Nitrostyrene

cci4

2.81

4.55

4.32

0.52

0.25

0

.

0

2

115

4-Nitrostyrene

cci

3.22

4.54

4.13

0

0.26

0

.

2

1

115

2.15

4.71

3.65

1.18

0.14

0.70

8 6

1.99

4.57

3.35

1.41

0.36

1.05

c

1.99

4.70

3.55

1.41

0.23

0.85

c

2

4.70

3.65

1.38

0.23

0.75

c

2.13

4.74

3.77

1.27

0.19

0.63

c

2

4.70

3.45

1.18

0.23

0.95

c

2.40

4.72

3.45

1

0

0.95

c

2.70

4.77

3.67

0.70

0.73

c

trans-Cl( -vinylphenyl)(PEt7)0Ni
2

31a

trans-N0o (2-vinylphenyl)(PEt7)0Ni 31f
trans-Cl(2-vinylphenyl)(PEt7)0Ni
trans-Br(2-vinylpheny1)(PEt?)0Ni
trans-I (2-vinylphenyl) (PEtT) ,,Ni

31a
31b
31c

trans-NCO(2-vinylpheny1)(PEt7)0Ni 31g
trans-NCS(2-vinylphenyl)(PEtT)0Ni 31d
trans-CN(2-vinylphenyl)(PEt7)0Ni

31e

4

CDC1
C

6

D

6

C

6

D

6

C

6

D

6

C

6

D

6

C

6

D

6

C

6

D

6

C

6

D

6

3

.

.

0

2

2

2

.

.

1

0

1

0

.

2

1

0.16

TABLE IV--Continued
Chemical Shifts, x
Compound

trans-Cl(2-vinylpheny1)(PEt7)
2

Pd

trans-Br(2-vinylphenyl)(PEt7)2Pd
trans-Cl(4-vinylphenyl)(PEt7)2Ni
trans-Br(4-vinylphenyl)(PEt7)
3.

ppm

Shifts

Solvent

2Pd

Ref.
Ha

Hb

Hc

a

b

32a

cdci3

2.58

4.84

4.28

0.75

32b

cdci3

2.65

4.86

4.32

0

3.29

4.93

4.31

0

3.32

4.94

4.31

0

C

6

D

C

6

°

.

.

0

1

0.07

8 6

0

.

0

1

0.03

8 6

0

-

c

6

8

.

1

1

0

.

0

0

0.09

8 6

.

1

1

0

.

0

0

0.09

8 6

6

6

•

Chemical shifts of all styrylmetal compounds and the styrene standard were deter
mined at ambient temperature (ca.. 37°).
The CgDg solutions were calibrated using the
side-bonding technique (see Experimental Section).
T (styrene) ' T (derivative) measured in
c
Chemical shifts determined in this work.

sa” e solvent.
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appeared as doublets while H
doublets.

appeared as a doublet of

These proton assignments were unambiguous since

each proton resonance could be identified by utilizing the
magnitudes of the trans and cis proton-proton coupling con
stants.
Hz for J

Proton-proton spin coupling constants of 17.5-17.8
16.8-11.0 Hz for J , and ca. 1.2 Hz for J,

found for all the styryl compounds.

were

These were similar to

the +17.5 Hz, +10.9 Hz and 1.1 Hz which Banwell and Shep
hard‘S ^

reported for the same coupling constants in styrene.

In each case all three proton resonances were found downfield from the same proton resonances in styrene.
resonance for H

The

was found at extremely low fields in all

cases except the cyanato compound, --31e.

In many cases H cl

appeared at lower field than the lowest aromatic multiplet.
This was exemplified in the pmr spectrum of 51b (Figures 3
and 4).

The existence of only one isomer for complexes 31d,

3If and 31g in deuteriobenzene solution was also indicated
by the presence of only one type of resonance for each
proton.
The palladium compounds, 52a and 32b, also exhibited
downfield shifts for the vinyl protons

(Table IV), but these

shifts were not as pronounced as those found in the analo
gous nickel compounds.

In comparison with H

it was quite

noticeable that proton H c was not shifted as much as it was
in the nickel compounds.

In fact, the chemical shift of H c

was not much different than H

in styrene.

The position of

substitution on the phenyl ring appeared to be important

66
since no downfield shift was observed for the vinylic protons in the 4-vinylpheny1 palladium compound
Substituting a methyl group for H

8

5

(Table IV).

in the styryl

series produced a pronounced low field shift for H c of com
pounds 33a-c.

For the nickel compound,

33a (Figure 5), Hc

appeared at x 1.31, 3.31 ppm downfield from the correspond
ing proton in a-methylstyrene

(Table V ) .

This was the

largest shift which was observed in this study.
ments of protons

The assign

and H c were readily made on the magni

tude of the a-CH^-cis-vinyl and trans-vinyl proton coupling
constants.

Values for these have been reported to be 1.5

and 0.8 Hz respectively.
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Using these values, the low

field resonance, which appeared as a broad multiplet, was
assigned to H c while the high field resonance, appearing as
a partially resolved multiplet, was assigned to

.

Several interesting trends were observed when the
styryl- and a-methystyry

1

compounds were compared:

( ) the
1

a-methyIstyryl palladium compounds, 33b and 3 3c, like the
styryl palladium compounds, exhibited smaller downfield
shifts than the analogous nickel compounds and ( ) for pro
2

ton H c these low field shifts were found to be much larger
than those found for the analogous styryl compounds, compar
ing 3.31 ppm for 29a to 0.85 ppm for 33a (Tables V and IV).
In all the a-methylstyryl derivatives the methyl reso
nance appeared as a singlet which was further split due to
the long range proton spin-spin coupling of the protons
and H c >

However,

in each case the position of the methyl

TABLE V
VINYL AND ALLYLIC METHYL PROTON CHEMICAL SHIFTS IN a-METHYLSTYRENE DERIVATIVESa

Compound

Solvent

Chemical Shifts, t
------------------c h

a-MethyIs tyrene

C 6D 6

C l (2-a-methyIsty r y l ) ( P E t ^ ) £ N i

33a

C l (2-a - m e t h y I s t y r y l ) ( P E t ^ ) ^ P d

3 3b

I ( 2 - a - m e t h y l s t y r y l ) ( P E t , ) ?P d

33c

C 6D 6
C 6D 6

3

Shifts
ppm
---------------, ' 3

c h

3

b

c

Hb

Hc

8.02

5.01

4.68

7.66

4.50

1.37

0.36

0.51

3.31

7.62

4.87

3.58

0.40

0.14

1.10

7.69

4.87

3.55

0.33

0.14

1.13

Chemical shifts of all styrylmetal compounds and the a-methyIstyrene standard were
determined at ambient temperature (ca. 37°).
These spectra were calibrated using the side
banding technique (see Experimental-Section).
bT

(cx-methylstyrene)

-

t

(derivative)’
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resonance was shifted downfield only by ca. 0.33-0.40 ppm
from the methyl resonance of a-methyIstyrene.
The pmr spectrum of 3_4 exhibited a doublet for the
methyl groups at t 8.64 with

of 6.7 ± 0.1 Hz and a

septet for the benzylic proton at x 5.56 (Figure

6

).

The

methyl doublet was superimposed on the methylene multiplet
of the triethylphosphine.

Comparing these positions with

the positions of the corresponding protons in cumene showed
that there was a downfield shift of 1.71 ppm for the ben
zylic proton while the methyl groups showed ca. 0.23 ppm
change

(Table III).
Since the bulky methyl groups in the a-methyIstyryl-

and isopropylphenylmetal derivatives, 33 and 34 respective
ly, may be responsible for the larger downfield shifts which
were observed, a series of high temperature pmr studies were
conducted to determine if such a conformation preference
existed.
b.

Influence of temperature on pmr chemical shifts.

Upon warming a sample of 33a to 100° in benzene
(sealed tube) the position of proton H c was found to move
upfield ca. 13 Hz while the a-methyl group moved downfield
c a . 3 Hz from their observed positions at ambient tempera
ture (Table V ) .

Also associated with this change was an

upfield shift for H^ of c a .

0.5 Hz.

This change was both

reproducible and reversible since several determinations
were made on the same sample before extreme decomposition
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was observed.

Temperatures higher than 100° resulted in

rapid decomposition of the sample as was evident by the
presence of paramagnetic products and the formation of
metallic nickel.
The protons in the a-methylviny1 substituent in 33b
(decalin solution)

also exhibited a slight temperature

dependency (Table V I ) .

Extreme decomposition was observed

at temperatures greater than 170°.
TABLE VI
CHEMICAL SHIFT DIFFERENCES OF PROTONS IN THE
a-METHYLVINYL SUBSTITUENT OF 33b
WITH TEMPERATURE

1

1

AH, a
b

AH a
c

ACH3a

°

+ .

-2.3

+ .

O
o

Temperature
°C

+ .

-4.6

+

0

0

0

2

1

Av = H z r
,
X
(temp, observed)
H ^ , H c or a-methyl.

0

1

1

.

2

- Hz, , . . .
^ for X
(ambient temp.)

Raising the temperature of a decalin solution of 34
did not change the chemical shifts of either the methyl or
benzylic protons.
near 170°.

The sample decomposed at temperatures

The same was true for the styryl nickel compound

31c in benzene solution.

Decomposition of the sample was

observed above 69° and there was no observable change in the
chemical shifts of protons H . H, or H .
y
a’ b
c

PART III.

DISCUSSION

The results of this study indicate that the ethylenebis(tri-o-tolylphosphite)nickel(O) , 2_3, and HC1 system is
capable of catalyzing the type I skeletal and double bond
isomerizations.

They are entirely consistent with the 2,1-

addition of the elements of metal hydride to the least
substituted terminal double bond of the 1,4-diene and with
rearrangement being activated by the intramolecular coordi
nation of the remaining double bond (Scheme lb ) .

This

catalyst combination produces c i s , cis- ,4-hexadiene as the
2

predominant double bond isomerization product from cis-1,4hexadiene.

It is also apparent that the type I rearrange

ment does not take place if the internal double bond of the
diene is in the trans configuration or when the

2

, - addi
1

tion of metal hydride is blocked by the methyl substituents
in 2,3-dimethyl-1,4-pentadiene.

Results with other poten

tial transition metal hydrides indicate that transition
metals other than nickel also promote the type I skeletal
rearrangement and that the metal hydride need not be gener
ated by the

3

-elimination of metal hydride from the alkyl-

nickel species initially formed by the (R^P) NiCl?/R AlCl
2

catalyst combination.

2

It is also quite apparent that the

aluminum component is necessary for the type II skeletal
rearrangement.
The large downfield shifts are found to be consistent
with an explanation based upon the paramagnetic anisotropy
associated with the metal ion.
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A.

THE ROLE OF THE TRANSITION METAL

One of the crucial factors in studying the mechanisms
of these rearrangements is the determination of the role of
the transition metal component.

The formation of trans- 2 -

methyl- ,3-pentadiene by treating cis- ,4-hexadiene ,
1

1

1

_, with

the ethylenebis(tri-o-tolylphosphite) nickel(0) , 2_3, and HC1
demonstrates that the nickel component plays a very signifi
cant role in the type I skeletal transformation.

Additional

support is found in the formation of the type I product from
1,4-pentadiene , 1_7_; 3,3-dimethy1-1,4-pentadiene, 1^8; as well
as

1

, -dideuterio- -methyl- ,4-pentadiene,
1

2

1

2

6

.

The catalyst combination of 23_ and HC1 appears to be a
more active catalyst than the ethylenebis(triphenylphosphine)nickel(0), 20_, and HC1 combination.

49

This is quite

evident if one compares the conversion rates of
these catalyst systems.

1

by both of

Under similar conditions the cata

lyst composed of 2_3 and HC1 quantitatively converts 37% of 1
in 30 sec to the mixture of isomeric products, whereas 20
and HC1 in the same length of time only converted 19% of 1
to these isomeric products in 80% yield.

The lower activity

demonstrated by the latter system could result from either
the nature of the phosphine ligands or the aluminum impuri
ties which are present.
results of Golden

93

The latter is supported by the

which indicate that the addition of

trace amounts of AlCl^ actually retard the formation of
products under these conditions.

Along these same lines, it

is rather difficult to rationalize these skeletal rearrange-
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ments as being a result of the boron impurities which may be
present in the catalyst derived from 25 .
Under nearly the same conditions, the MePD:2,4-HD
ratios for the isomerization of cis - ,4-hexadiene with
1

25 and HC1 are found to be almost identical, 2.5:1.0
2.3:1.0 respectively.

49

2 0

_ or

and

Comparing these ratios with the

MePD:2,4-HD ratio (3.8:1.0) obtained from the (PR.,) ^NiCl^/
R^AICI system

49

suggests that the isomerizations of cis -1,4-

hexadiene with these catalyst combinations are mechanisti
cally related.

Although the MePD:2,4-HD ratios are similar,

the relative amounts of the
to be much different.

2

,4-hexadiene isomers are found

In the case of 2_3 and HC1, the ci s ,

cis- isomer is the major

2

,4-hexadiene product formed,

whereas the trans, cis- isomer is the major isomer in the
(PR^) NiCl /R AlCl system."^
2

2

At this time no reasonable

2

explanation can be offered for this crossover in the 2,4hexadiene isomers.
The ethylene associated with 23 may facilitate the
transfer of nickel hydride in the isomerization of

1

_ at

-22°, since the (R^P) ^iCl /R AICI catalyst system at this
2

2

2

temperature was found to be active only after ethylene was
added.

49

However, no trans, trans- 2,4-hexadiene is detected

when 23_ and HC1 is employed.
The fact that HC1 is necessary as a cocatalyst for
these isomerizations suggests that the rearrangement of 1_
takes place initially with the addition of the elements of
nickel hydride to a double bond.

Likewise,

it is necessary

to add HC1 to 23 in order to convert the cis- and trans-2methylvinylcyclopropanes, 21_ and
ucts.

2 2

_, to the observed prod

Additional control experiments demonstrate that HC1

alone does not catalyze the rearrangements of

2 _ 1

when the same reactant concentrations are employed.
has also demonstrated that the

2

or

2

__
2

Pinke

49

,4-hexadiene isomers were

not isomerized by HC1, ethylenebis(triphenylphosphine)nickel(0) , 20_; nor a 1:1 mixture of HC1 and 20 .
As a result of the ability of 2_3_ and HC1 to rapidly
isomerize cis- ,4-hexadiene, spectral evidence for the
1

existence of a nickel hydride or even the coordination of
the diene to the metal are rather difficult to obtain.

The

latter being suggested by the reversible absorption of c a .
8% of 2,3-dimethyl-1,4-pentadiene, 25, and 1,1-dideuterio-2-

methy1- 1,4-pentadiene, 26^ by the nickel complex, 23 before
HC1 was added.

At the concentrations necessary to detect

the product derived from the interaction of 23_ and HC1, the
new species may be destroyed as a result of locally high
concentrations of acid.

It is also possible that the con

centration of the suspected nickel hydride in solution is
reduced as a result of an equilibrium which favors the dis
sociation of such a species to nickel(O)

and HC1.

The only

spectral evidence for the formation of a new species in
solution comes from the appearance of a weak absorption band
in the visible region when HC1 is added to 25_.

This tran

sient band near 427 nm appears to be stabilized by the pres
ence of cis-1,4-hexadiene in solution.

Since no additional
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evidence could be obtained, positive identification of the
species responsible for this band is not possible at this
time.
The catalyst system composed of 2_3 and HC1, as well as
the other catalyst systems

49

studied in the type I trans

formation, do not skeletally rearrange trans- ,4-hexadiene.
1

This is reasonable if rearrangement involves the 2,1- addi
tion of the elements of metal hydride to the terminal double
bond of the diene and intramolecular coordination of the
remaining double bond (the cyclopropylcarbinyl nickel path
way, Scheme lb).

Coordinating abilities of olefins have

been reported to decrease in the order:
>> cis-HRC = C R 1H >> trans-HRC = C R H .^ ^
1

>> HRC=CH

2

As a result the weaker

coordinating ability of the trans internal double bond of
trans- ,4-hexadiene would render it inactive for rearrange
1

ment.
1

This order of coordinating ability also predicts that

,4-pentadiene, 1 7 , should be more reactive than cis-1,4-

hexadiene, 1_, in the type I skeletal transformations.

Ho w 

ever, the results from the different catalyst systems indi
cate that 1_ is the most reactive 1,4-diene.

Upon examining

the product of these two reactions, these observations can
best be explained on the basis of the reactivities of the
conjugated products and the intermediacy of a nickel
hydride.
Evidence accumulated so far in the skeletal rearrange
ments indicate that a nickel hydride preferably adds to
terminal, unsubstituted double bonds over internal and more
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substituted double bonds.

This includes the observations

that ( ) the type I skeletal rearrangement product or a
1

double bond migration product is never derived from the
initial addition of nickel hydride to a methyl substituted
double bond,

( ) geometric isomerization of trans- and cis2

1,4-hexadiene is not observed,

(3) deuteriums at C-4 and C-5

in cis- ,4-hexadiene are not exchanged with the catalyst
1

pool

49

and (4) the treatment of trans-1,4-hexadiene

2-methyl-1,4-pentadiene

93

49

and

with the catalyst at 50-85°

affords only the hydrogenation products trans- -hexene and
2

2

-methyl- -pentene.
1

The products which result from the isomerization of 17
are all terminal 1,3-dienes, whereas those from 1_ are all
internal 2,4-dienes.

Nickel hydride addition to these con

jugated dienes could conceivably generate a somewhat stable
TT-allyl-nickel species

73

or some other product which would

deactivate the catalyst by making it unavailable for isomer
ization of 1_7_ or 1_.

Support for such a deactivation of the

catalyst comes from the observations that ( ) in all the
1

catalytic rearrangements of 1,4-dienes the conversion rates
have always decreased rapidly with time and ( ) added 2,42

hexadienes seriously retarded the skeletal rearrangement of
1_.

49

Therefore, the formation of terminal conjugated dienes

would be expected to drastically retard the isomerization
of 17.
The importance of a vacant coordination site is demon
strated by the ability of the nickel( ) compounds,
0

2 0

and
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23, on combination with HC1 to catalyze the skeletal re
arrangement of

while the tetrakis (triethylphosphite)-

nickel(II) hydride, 1_4, and the bis[l,2-bis(diphenylphosphino)ethane]nickel(II) hydride, 1_5, do not.
compounds,

The nickel(O)

20_ and 2_3 are considered to be coordinately

unsaturated since they, as d ^
coordination number of four.

complexes, have a maximum
Up to two ligands may be

brought into the coordination sphere if the nickel( ) is
0

oxidized to nickel(II) by HC1.

The nickel(II) hydrides,

1_4

g

and 1_5_, as d

complexes, are considered to be coordinately

saturated since the complex contains the maximum number of
ligands.

The fact that 1_4 and 1_5 are inactive indicate that

at least two vacant coordination sites must be available for
the type I skeletal transformation.
Substantial evidence has been presented by Tolman
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which indicates that the hydride, .14, in order to catalyze
the codimerization of ethylene and butadiene, provides coor
dination sites by a stepwise dissociation of several phos
phite ligands

(equations 18-21).

Although the coordination

sites necessary for the codimerization reaction are provided
in methanol solution, ligand dissociation apparently is much
slower in toluene since cis- ,4-hexadiene only undergoes
1

4 9
double bond isomerization. 1
8

(18)

HNiL4+
14

J
L = P(0Et

)

3

HNiL3+

+

L
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(19)

HNiL3+

+

Butadiene

(20)

TT-C4H 7NiL3 +

(21)

Tr-C4H 7NiL2+

J

TT-C^H^NiL^

Additional support for the importance of a transition
metal hydride as the active catalyst species comes from the
observation that the mixture of nickel hydrides

(equations

22-27) actually produces a small amount of the rearrangement
product, trans - 2 -methyl - 1,3-pentadiene , from .1.

The forma

tion of this mixture of hydrides results from the reduction
of

2 _ 8

with 13_ (equation

ligands

(22)
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2

) and exchange of the phosphine

2

(equation 23).

Since the hydride 12a has been

trans- (R^P)^Ni(H)BH

+

4

trans- (R^ P)^NiCl^
1

13
B H
2

+

6

14

trans-(R 'P) Ni(H)Cl
3

2

+

trans-(R P ) Ni(H)Cl
3

35

1

R = cyclohexyl;
(23)

3_5

+

12a

->

35_

2

2

a

R' = n-butyl
+

trans - (RgP) (R';P)Ni (H) Cl
36

+ 12a
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shown to be inactive as a catalyst for the skeletal rearrangements,

49

this leaves the mixed phosphine nickel

hydride, 3_6, or 3_5_ as the active species in this mixture.
The reported pmr spectrum

70

of this mixture indicated the

presence of two of the three hydrides in solution.
have been identified as 3_6 and

1

2

These

a from their characteristic

phosphorous-hydrogen coupling constants and chemical shifts.
However, evidence has not been reported for the existence of
hydride 3_5 and no explanation has been offered for its absence of this mixture.

70

It is possible that the concentra

tion of this nickel hydride is so low by dissociation to HC1
and bis(tri-n-butyl)nickel( ), that it escapes detection.
0

The observation that the catalyst derived from DIBAC
and dichlorobis(tri-n-butylphosphine)palladium(II) skeletally rearranges

1

_ at elevated temperatures demonstrates

that the type I rearrangement is not limited to only the
nickel systems.

The higher temperatures which were neces

sary and the relatively low conversions which were realized
suggest that one of the intermediates, possibly a palladium
hydride, possess some degree of stability.
Gosser and Parshall

94

have recently reported additional

evidence which supports our initial suggestion

119

that a

potential metal hydride plays an important role in the type
I skeletal rearrangement.

The results from both of these

studies indicate that ( ) those metal hydrides which are
1

stable enough to be isolated and characterized are catalytically inactive,

( ) a very active catalyst is generated if
2

80
the metal hydride precursor is coordinately unsaturated and
(3) a moderately active catalyst may be obtained from a
coordinately saturated metal complex which can presumably
undergo extensive ligand dissociation prior to the re
arrangement.

It is quite apparent that the formation of the

active catalyst in the type I skeletal rearrangement in
volves more than the generation of a metal hydride.
The results obtained using the catalyst system derived
from dimethylaluminum chloride and the nickel(II) salt, 28 ,
indicate that a

8

-elimination of the elements of metal

hydride is not required for the initial formation of the
active catalyst.

Barring the presence of alkylaluminum

impurities in the commercial dimethylaluminum chloride,
there are two logical pathways in which the catalytically
active nickel hydride could be generated from these two
components.

Initially, both involve an alkylation step

which is related to the first step proposed in the genera
tion of metal hydride from the DIBAC-nickel(II) precursors.^
Once a methyl nickel species is generated (1) it can either
undergo a-elimination of the elements of nickel hydride
(equation 24) generating a free or complexed carbene
( ) it can add the elements of methyl nickel

1

2

1

of the elements of

.1

which then undergoes a

nickel hydride

2

or

8

-elimination

(equation 25) forming

dienes which have been extended by one carbon.

Additional

evidence is needed before a definite conclusion can be
drawn.

0

to a carbon-

2

carbon double bond of

1
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The fact that the combination of 23 and HC1 does not
skeletally rearrange 3-methyl-1,4-pentadiene, 2 demon
strates the inability of this catalyst to effect the type II
transformation.

This is further substantiated by the obser

vations that this catalyst system (1) only skeletally re
arranges 3,3-dimethyl - 1,4-pentadiene , _19, to the type I
product 2,3-dimethyl- 1,4-pentadiene, (2) produces no type II
product from 2,3 -dimethyl - 1,4-pentadiene , 2_5, (3) does not
remove the deuterium atoms from the C-l labeled 2-methyl1,4-pentadiene, 26,and (4) does not form Cy dienes in the
skeletal isomerization of 1,4-pentadiene, 17 .

In each case

rather low conversions and low yields of detectable products
were realized within the life-time of the catalyst.
quite different from the (R^P) ^ N i C l s y s t e m

This is
where the

type II product was found to slowly increase in yield over
several hours.
2,3-Dimethyl-1,4-pentadiene, 25, is very unusual in
that it does not undergo double bond isomerization or the
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type II skeletal transformation when treated with 2_3 and
HC1.

However, the catalyst derived from (R^P)2NiCl2/R2AlCl

does effect the type II transformation, affording a mixture
of 4-methyl-l,4-hexadienes as the only detectable products.

93

The lack of the double bond isomerization products suggests
that either the 2,1- addition of metal hydride to the least
substituted double bond or the elimination of metal hydride
to form the conjugated dienes is severely restricted.

The

latter seems unlikely from the observations that the 1,4pentadienes,

2_ and 2_5 which contain methyl groups at C-3 and

C-2 respectively, both afforded the double bond isomerized
products.
Although the type I rearrangement of 2_5 can not be
discounted (this transformation only regenerates the same
diene skeleton), it seems quite reasonable to assume that
the 2,1- addition of nickel hydride is restricted by the two
methyl groups which lie above and below the least substi
tuted double bond.

This is especially true if the approach

of nickel with its bulky ligands involves simultaneous coor
dination of both double bonds as shown below.

H

H

''H
H
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Since the potential nickel hydride catalyst derived
from 2C5 and HC1 is comparable to that of the ( R ^ P ^ N i C ^ /
R^AICI system except for promoting the type II skeletal
change, it is apparent that the aluminum component plays a
very significant role in this transformation.

Although the

addition of DIBAC and MONOBAC to the catalyst combination of
23 and HC1 does promote the formation of a small amount of
the type II product in the case of 3-methyl-1,4-pentadiene,
2_, and 3,3-dimethyl-1,4-pentadiene , 19_, the role that the
aluminum component plays remains rather obscure at this
time.
B.

THE MECHANISMS OF THE 1,4-DIENE
REARRANGEMENTS

There are several logical ways in which the catalyst
system derived from 2_3 and HC1 can transfer the elements of
nickel hydride to the least substituted double bond of a
1,4-diene and activate it for the type I skeletal and double
bond isomerizations.

Each involves coordination of the

diene, oxidation of the metal by the cocatalyst and the
transfer of the metal hydride to the coordinated diene, but
differ only in the order in which the first two events
occur.

The sequence shown in equations 26 and 27 involves

a competition between diene and ethylene for a coordination
site on 23_.

Although no experimental evidence is yet avail

able this sequence appears to be reasonable from the observations that (1) other ligands

89

are known to displace
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ethylene from 23_ and (2) a small quantity of diene is con
verted to undetectable products prior to the addition of
HC1.

However, there remains the possibility that the metal

oxidatively adds HC1 before the coordination of the diene
takes place.

It is also possible that the ethylene plays an

important role in the transfer of metal hydride

(see equa

tion 13) .
It is apparent that the anion of a strong protonic
acid is necessary to activate the catalyst derived from 2 0 ,49
but the function of this auxiliary ligand in these trans
formations remains unclear.

Strong acids in combination

with 2_3_ are found to skeletally rearrange cis -1,4-hexadiene.
Of these, trifluoracetic acid is the least effective.
Of the two mechanistic pathways which have been sug
gested for the type I rearrangement (Scheme 1) the propenyl
nickel pathway appears to be highly unlikely for several
reasons.

These include the observations that:

(1) a quan

titative change must occur in the configuration of the
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internal double bond during the transformation to produce
trans- 2-methyl-1,3-pentadiene from cis-1,4-hexadiene, (2) it
is hard to rationalize a process which combines the coordi
nated ethylene and trisubstituted ethylene fragments that
result from 3J9 when it is known that monosubs tituted ethylenes are less reactive in the codimerization reactions

5 2

and (3) it is hard to rationalize a fragmentation pathway
for the type I skeletal rearrangement if the catalyst de
rived from 23_ and HC1 does not effect the type II fragmenta
tion (vide infra) .
Therefore, the cyclopropylcarbinylnickel pathway
appears to be the most consistent with the available data
(Scheme lb).

Additional evidence which seems to substan

tiate this pathway is provided by the observations that
every catalyst system capable of rearranging cis- 1,4-hexadiene, also rearranges the methylvinylcyclopropanes, 21_ and
2 2 , to the predominant product, trans- 2-methyl-1,5-pentadiene.

In each case, the 2,1- addition of the elements of

metal hydride to 21 and 2_2_ would be expected to generate the
two possible dias tereomers , i .e . , the diastereomers 37_ and
38 from 2 1 .

Transfer of the metal to the cyclopropyl carbon

which is in closest proximity of the metal would lead to the
ring opened products upon elimination of the elements of
metal hydride.

If rotation of the carbon-carbon bond to the

cyclopropyl ring is restricted the products from ring open
ing are those shown in equations 28 and 29.

Since some cis,

cis - 2,4-hexadiene is found in the product mixture when 2_1
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and 2_2 was treated with the catalyst derived from 2_3 and
HC1, it is apparent that the ring opening steps are governed
by other factors.

(28)

37

A cyclopropylcarbinyl carbonium-type rearrangement can
be discounted since this has recently been shown to lead
only to the 2,4-hexadiene isomers.

36

Other ring opening

modes can also be rapidly discounted since they fail to
explain the products which are derived from this type of
rearrangement.
Extensive evidence has been uncovered by Golden
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which establishes the nature of the skeletal change of the
type II rearrangement.

The labeling experiments indicate

that each carbon in the 1,4-diene skeleton assumes the
position in the product as described by equation 30.
results are entirely consistent with the fragmentation
pathway (Scheme 2b).

These
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(30)

ifn
C.

- |*n

THE NATURE OF THE DOWNFIELD SHIFTS

The large downfield shifts which are observed for
several of the alkenylaryl and alkylaryl ligands of the
2-phenyl substituted nickel and palladium compounds can best
be explained in terms of the paramagnetic anisotropy asso
ciated with the non-spherical distribution of the d elec
trons in the transition metal ion.

Models of these com

pounds indicate that nonbonding interactions between the
phosphine ligands and the ortho substituents should force
the plane of the benzene ring perpendicular to the bonding
plane of the transition metal system.

As a result the ortho

substituent of the phenyl ring would occupy a position above
the bonding plane of the metal.

Rotation about the carbon-

carbon bond to the phenyl ring would bring several protons
into close proximity with the metal at an apical site, i.e.,
the protons H & and H c in 3_1.

In all cases these protons are

the ones which are found to be deshielded.
The low energy absorption bands which are observed for
the organonickel compounds indicate the feasibility of
mixing the electronic ground state of the metal with low
lying excited states while in the presence of a magnetic
field.

The fact that the low energy absorption band in the

styryl nickel compounds 31a-g is found to vary with the
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ligand X, identical with the spectrochemical series, sug
gests that this absorption is a d -* d transition.
Planar nickel compounds generally exhibit one to three
bands associated with one or more of the following d -*■ d
transitions:

1A 1 -* 1A 2 , 1A 1

1B 1 , 1A 1 •> ^E.

Each of these

singlet -*■ singlet transitions are forbidden as electric
dipole transitions and are expected to exhibit peaks of very
low intensity.

It is quite common for complexes possessing

2 12 2
symmetry to exhibit extinction coefficients of <10 .

In these complexes of very low symmetry these bands become
less forbidden and should exhibit peaks with slightly larger
extinction coefficients.
even in the

122

The assignment of these bands,

case, are rather difficult as a result of a

lack of reliable data and the obscurement of these weak
d -*■ d bands by intense charge transfer bands.
many cases the lowest energy band, the ^"A^

In

-*■ ^A2g

( d ^ -*■ d^2 _y ) transition, is the only one which is observed
2

due to the overlap of the other two bands with the intense
charge transfer bands.
Ni(CN)^
the

In the electronic spectrum of

, a shoulder near 30,500 cm

A^g -*■ ^A2

transition.

has been assigned to

Since each of the organo-

nickel compounds in this study exhibited a rather weak
absorption band which is probably ^A^ -*■ ^A2 in character,

it

is reasonable to conclude that the corresponding ^A^ -* ^E
and ^A-^

bands are at higher frequencies and masked by

the intense charge transfer bands.

Likewise, the analogous
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palladium bands are probably obscured by the observed charge
transfer bands.
Variations in the chemical shifts associated with
ligand protons can arise as a result of one or a combination
of principal sources.

These include (a) the local diamag

netic contribution to the proton shielding constant,

(b) the

contribution from the field associated with the ring current
of the aromatic system and (c) the contribution from the
magnetic field associated with a neighboring atom.

The

effect that each has on the observed downfield shifts will
be discussed in turn.
(1) the electrical influence of the metal substituent
For the electrical influence to be an important factor,
the nickel substituent would have to reduce the electron
density from around these protons which are deshielded.
Since proton H,

in 31a is not deshielded as much as H

or

H , it is hard to rationalize any conjugative withdrawal of
electron density by the nickel substituent, such as 39_, that
would render H, that much different from H .
b
c

P a r n e l l ^ has

also observed that the vinyl protons in the styrene ligand

39
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of the related 4-vinyl phenyl derivatives are not affected
by the presence of the metal substituents.
Parshall
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has determined the

19

F shielding parameters

for a series of m- and p-fluorophenylplatinum(II)

compounds

that have the same auxiliary ligand used in this study.

In

each case the -PtfPEt^^X substituent when bound to the
fluorobenzene turns out to be an electron donor by both
resonance and inductive mechanisms.

The analogous palladium

and nickel substituents should logically be the same.
Neither the meta nor the para

19

F shielding parameter se

quence which is reported for several trans auxiliary ligands
resembles the sequence found for the chemical shifts of
and H

c

in 31.
—

Any electron withdrawing capabilities of the metal
substituent should also be reflected in the chemical shifts
of the aromatic protons.

The aromatic protons in 29^ and 31_

did not exhibit the pronounced downfield shifts which were
observed for the benzylic and H

and H

protons

(Table II).

Actually one multiplet is shifted upfield from that expected
for the protons in the parent hydrocarbon.
deshielding of H

and H

Although the

in the palladium analogs, 30, 32

and 33b-c , is much less pronounced, the positions of the
lowest field aromatic proton multiplet are similar to those
of the nickel compounds.

Since the magnitude of an electri

cal effect depends upon the distance in which it is trans
ferred, one would expect that such a factor, if responsible
for the large downfield shifts, would deshield the aromatic
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proton ortho to the metal more than those in the alkenyl
substituent.
(2) influence of the aromatic ring current
The low field shifts of the ligand protons in 29 and
31 could possibly be attributed to the secondary magnetic
field associated with the aromatic ring current.

This in

duced field has been used successfully to explain the low
field shifts of the alkenyl protons in styrene.'*''*'^
maximum downfield shifts for H , H,

and H

The

in the undis-

torted molecule, have been calculated to be ca. -0.7, -0.02
and -0.5 ppm respectively when the molecule is planar.

For

the aromatic ring current to play a significant role in
deshielding several protons in the organonickel compounds
(a) its magnitude would have to be greater than it is in the
free hydrocarbon or (b) the conformations which bring the
deshielded proton closest to the periphery of the ring would
have to be highly populated.

The first requirement can be

eliminated by the fact that the aromatic protons do not
exhibit these large downfield shifts.

In regard to the

latter requirement, the phosphine ligands could be restrict
ing the alkenyl or benzylic protons to occupy positions in
the deshielding regions of the aromatic ring.

However, as

a result of the abnormally low field shifts that are found
for the alkenyl protons of styrene itself, these conforma
tions would be expected to already be highly populated in
the parent molecule at room temperature.

Comparing the

magnitudes of the chemical shifts in cases where the ring
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current is important, it is hard to rationalize that the
large downfield shifts of the benzylic protons in 29 and the
vinylic protons in 31_ are a result of only this induced
field.

Finally, the same downfield shifts are even observed

for the (D-methyl group in the related tolyl derivatives
(Table III).

Since rotation of the £-methyl group is not

restricted in this case, one would expect the methyl protons
to have nearly the same chemical shift as those in toluene.
It is apparent that the antishielding must be due to some
other factor.
(3)

influence of the metal ion

There are two important factors associated with the
paramagnetic anisotropy of the metal ion which can determine
the extent of any antishielding.

The first is a result of

the fixed geometry of these compounds which dictates the
average magnetic environments of those protons which are
deshielded.

In each case the deshielded protons are those

that occupy an apical site above the metal.

Secondly, the

magnitude of the induced field in the bonding plane will be
different from that perpendicular to the plane.

The sign

and magnitude of the paramagnetic contribution of the nickel
field to the screening tensor of the ligand proton will
depend upon the relative magnitudes of the three principal
susceptibilities of the nickel,
field.

12 6

» in the magnetic

These orientations for 31 are shown in Figure 1,

the phosphine ligands are omitted for clarity.

In orienta

tion a the direction of the applied field is perpendicular
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Fig. l.--The three principal orientations of 3_1 in a
magnetic field, H .
to the bonding plane whereas, in b and c the direction of
the field is coincident with the plane.

The mean contribu

tion to the proton screening constant for the conformational
extreme in which the proton in question is in closest prox
imity to the metal is obtained by averaging over the three
directions,

i, and is given by equation 31.

Based on

Aa = j R ’3 l X^i C1 - 3 cos2 0i)

(3i)

where i = a, b, c; x is positive; and
R = internuclear hydrogen-nickel distance
examination of models for 31a, the 0 ’s for H

are estimated

to be 24°, 90° and 66° for orientations a, b, and c, respec
tively.

Equation 31 then reduces to 31a.

Thus in orienta

tion a, the proton experiences a stronger field from the
nickel atom than in b or c and is in a deshielding region,
whereas, orientations b and c are shielded.

(31a)

Aa = J R ‘3 (-l.Sxa + 1.0xb + 0.5Xc)
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The magnitudes of the paramagnetic contributions to
the magnetic susceptibility are a little more difficult to
estimate.

Following the same approximation used in the

theoretical treatment of planar platinum hydrides,
model with

7 8 79
’
a

symmetry rather than one of lower symmetry,

is chosen to estimate the magnitudes of these susceptibili
ties.

In this model the ^E level is degenerate and only
-*• "'"A g and ^A-^ -> ^E^ mixing contributes to the induced
2

paramagnetic susceptibility.
in equations 32 and 33.
hausen,

127

Using the symbolism of Ball-

Xp is the susceptibility when the principal

symmetry axis
field,

These contributions are given

(Z in this case) is parallel with the applied

being the susceptibility when the axis is perpen

dicular.

Since the magnitude of the susceptibility is

(Cm )216NB2
(32)

T

AE (1A

l2g

lg

)

(Cm ) 24NB2
(33)

£I ~
L

I
AE( A,
lg

I
E )
g

CM = metal d orbital coefficient in the MO equation
N

= Avogadro's number

B

= the Bohr magneton

greatest when the applied field is parallel with the princi
pal symmetry axis

(x

> X k > X )> equation 31a predicts that

those protons which are forced into an apical site above the
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metal

(principal orientation a in Figure 1) will be strongly

deshielded.

Those protons which are further from the metal

at the apical site, i.e., the ortho aromatic proton in these
compounds, are also predicted to be deshielded by equation
31a but its magnitude will be expected to be much smaller.
If free rotation around the phenyl carbon-metal bond is not
restricted, the coefficients x a and

would each be zero

and the remaining susceptibility would lead to a shielding
of these protons.
It is interesting that both H

and H
cl

in 31 must
C

-

experience magnetic environments which include regions near
an apical site.

Models indicate that substitution of a

bulkier methyl group for H

should force the alkenyl side

chain into a preferred conformation in which H c spends most
of its time at the apical site.

This appears to be the case

from the magnitude of the downfield shift which is observed
for H c in 3 3 a ;

a shift of 3.31 ppm from the corresponding

proton in a-methyl styrene.

The same is true for the ben-

zylic proton in 34_ which is deshielded as much as 1.71 ppm
from the corresponding proton in cumeme.

These results

coupled with the observed temperature dependence exhibited
by H c and the ct-methyl resonances in 33a and 33b lend addi
tional support for this interpretation.
Busch and coworkers

12 8

have also observed low field

shifts in a study of nickel(II) complexes which possess
ligands of an entirely different nature.

They find that the

axial methyl protons in several Schiff base-amine complexes
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are also shifted to lower fields.

The differences in the

electronic requirements of these ligands as compared to the
ligands in this study also suggest that the magnetic aniso
tropy is not associated with a particular ligand or ligandmetal bond.
The less pronounced downfield shifts of the ligand
protons in the analogous palladium compounds are probably
associated with the larger A E 's for the d

d transitions.

Molecular models suggest that increasing the size of the
metal should favor the conformation which places H
above the metal and the bonding plane.

in 32a

This appears to be

reasonable since a small downfield shift is found for H

c

(Table IV).
In light of the work which has been done with the
platinum hydrides, 1_6 (see Introduction), it is particularly
significant that the variation in t for

in 3_1_ follows the

auxiliary ligand X in the order I > CN > Br > Cl > NCS =
NCO > NO^, almost identical with the inverse variation of
the Pt-H proton chemical shifts of 16.
--

Proton, H , likewise
cl

follows the same inverse trend with the exception of the NCO
and NCS ligands.

Thus it appears entirely reasonable to

assume that the same factors that cause the high field
shifts in the platinum hydrides are also responsible for the
low field shifts in 31.

PART IV.

EXPERIMENTAL

A.

GENERAL PROCEDURES

All reactions involving nickel(0) compounds were
carried out under an argon atmosphere while all other reac
tions involving organometallic compounds were carried out
under a nitrogen atmosphere.

All solvents were freshly-

distilled and dried before being deoxygenated.

Transfers of

air-sensitive solids were carried out in a glove bag and
liquids were transferred with syringes through 3-way stop
cocks or rubber serum caps.

Filtrations were carried out

through sintered glass filters

(Schlenk type) of medium

porosity, usually by means of a positive gas pressure.
Boiling points and melting points were uncorrected.
Elemental analysis and molecular weight determinations were
performed by Spang Microanalytical Laboratory, Ann Arbor,
Michigan.

The

31

P nmr spectra were recorded at 40.4 MHz on

a Varian HA-100 instrument at the University of Michigan by
Dr. Martin Stiles and Mr. Frank Parker.

The spectra were

calibrated by introducing a peak 1968 Hz downfield of the
sample resonance.

P^O^ was used as an external standard.

129

Chemical shifts were then determined from 85% H^PO^ using
the accurately known shift of P.CK from H_PO..
'
4 6
5 4
Proton Magnetic Resonance

129

(pmr) spectra were obtained

on a Varian Associates Model A-60 spectrometer equipped with
a Varian Model V-6040 variable temperature probe accessory.
Tetramethylsilane

(TMS) was used as an internal standard.

Accurately determined chemical shifts in C^D^ solution were
determined by the use of an audiooscillator.
98

A "side-band"

99

peak of TMS was introduced within 20 Hz of both sides of the
resonance to be calibrated.
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The spectral data were re

corded in units of x (10-ppm downfield from T M S ) .
cision of the x values was greater than ±0.5 Hz.

The pre
The multi

plicity of the resonance signal, the number of protons
corresponding to the area under the peak, the coupling con
stant (J) in Hz, intensities and the assignments are given
in parentheses.

The terms used to describe the resonances

in the pmr spectrum are:
triplet,

(s) singlet,

(d) doublet,

(t)

(q) quartet and (m) multiplet.

The infrared (ir) spectra were recorded on either a
Beckman IR-12, Beckman IR-33 or Perkin-Elmer Infracord 137
spectrophotometer and reported in terms of cm ^ .

The terms

used to describe the ir spectra are:

(m) moder

ate and (w) weak bands.

(s) strong,

The ultraviolet-visible spectra

were recorded on a Cary 14 instrument.

Spectra were m e a 

sured in n-heptane solution and reported in cm ^ .

The ^max

are reported in nanameters and the extinction coefficients
(e) are reported for each absorption.

If the absorption

band appeared as a shoulder (sh) of a stronger absorption
band the point of inflection is reported.
Gas chromatographic separations of dienes were accom
plished by utilizing a Varian Aereograph 90-P3 gas chromato
graph.

Hydrocarbon yields of products in the crude reaction

aliquots were determined on a calibrated column of a 20' x
3/8" of 20% B ,8'-oxydipropionitrile
60/80.

(3,3') on firebrick

The ratios of the peak areas of dienes were taken to
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be approximately equal to the molar ratios of the dienes.

49

The temperature of the column was maintained at ca. 60-65°
and the flow rate of He gas was c a .
ly separate the dienes.

170 ml/min to effective

Comparative retention times of u n 

known peaks were determined by glpc analysis of the mixture
with known olefins.

The glpc peak areas were determined

using a Lasico Planimeter No. 702M, Los Angeles Scientific
Instrument Company,

Incorporated, Los Angeles, California.

During each isomerization reaction the transition
metal compound was placed in dry, deoxygenated toluene solu
tion containing the diene.

Several aliquot samples were

removed to establish the initial concentration of the diene.
The cocatalyst was then added and aliquots were removed
during the reaction period.

All aliquots were analyzed by

glpc after quenching with 2-propanol.

After terminating the

reaction with 2-propanol, the resulting solution was washed
with water.

The organic layer was removed and dried over

anhydrous calcium chloride.

The product mixture was then

fractionally distilled affording diene-rich toluene solu
tions.

The diene products were separated and collected by

preparative glpc and were identified, in most cases, by com
paring their pmr spectra and glpc retention times with those
of authentic samples.
The percentage conversions of dienes to products were
based on the amount of starting material lost, taking into
account the dilution resulting from the addition of the co
catalyst.

All the yields were based on the percentage of
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reacted starting material converted to isomeric products.
The isomeric products percentages were based on 100 per
cent.
B.

MATERIALS

Tetrahydrofuran was purified by distillation from
lithium aluminum hydride and was stored over molecular
sieves type 4A (Linde Air Products).

Hydrocarbon solvents

were freshly distilled and stored over molecular sieves or
silica gel.

Anhydrous diethyl ether was obtained from

either freshly opened 1-pound containers or distilled from
phosphorous pentoxide.

Benzene and toluene (Certified ACS

Spectra Analyzed) as well as acetonitrile

(Certified ACS)

were purchased from Fisher Chemical Company.

The acetoni

trile was freshly distilled from calcium hydride.
was distilled from magnesium methoxide.

Methanol

Aluminum oxide,

Baker "Analytical Reagent for Chromatography," pH 3.8, was
used for chromatography.
The following aluminum alkyls were purchased from
Texas Alkyls, Houston, Texas:

(1) triethylaluminum (TEA),

(2) diisobutylaluminum chloride (DIBAC), (3) monoisobutylaluminum chloride (MONOBAC) and (4) dimethylaluminum chlor
ide (251 wt/wt, toluene solution).
1,3-butadiene gases

The ethylene, HC1 and

(C.P. Grade) were purchased from

Matheson Gas Products, Joliet, Illinois.

The HBr gas and

o-cresol were purchased from the J. T. Baker Company, while
the 3,3-dimethylglutaric acid was purchased from Aldrich
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Chemical Company.

The trans-1,4-hexadiene, 1,4-pentadiene

and 3-methy1- 1,4-pentadiene were prepared by the method of
Alderson, Jenner and Lindsey.
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The tricyclohexyl-, tri-

ethyl- and tri-n-butylphosphines were purchased from Orgmet,
Inc.

The chelate phosphine, b i s (1,2-diphenylphosphino)-

ethane was purchased from Research Organic/Inorganic Chemi
cal Corp., Sun Valley, California.

Rhodium(III)

chloride

trihydrate and b i s (2,4-pentanedionate)nickel(11) dihydrate
were purchased from Alpha Inorganic, Beverly, Mass.

Tri-o-

tolylphosphite was prepared from phosphorous trichloride and
o-cresol according to the procedure of Walsh.

13 2

The cis-1,4-hexadiene was prepared from the codimeri
zation reaction of ethylene and butadiene using ferric
acetylacetonate and triethylaluminum as described by
Hata.
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The cis- and trans-2-methylvinylcyclopropanes were

prepared by Pinke

49 57
’
from the pyrolysis of cis- and trans-

3-methyl-5-vinylpyrazolines.

The methylpyrazoline mixture

was prepared according to the general method of Crawford and
Cameron.
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The 1,1-dideuterio-2-methyl-1,4-pentadiene and9

2,3-dimethyl-1,4-pentadiene were obtained from Golden.

93

1-A1lyl-2 -chlorobenzene was prepared from allylchloride and 2-chlorophenylmagnesium iodide according to the
procedure of Nyholm et al.
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Anhydrous nickel bromide and

2-bromostyrene were purchased from K and K Laboratories.
The 2-bromostyrene was distilled immediately prior to use.
trans-Pichlorobis(trialkylphosphine)nickel(II)

complexes,

where alkyl = ethyl, n-butyl and cyclohexyl and the bromo
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analogs were prepared by the procedure of Jensen and
13 6
Nygaard.
trans-Dichlorobis(triethylphosphine)palladi um(II) was prepared from potassium tetrachloropalladate and
triethylphosphine according to the method of Mann and
Purdie.

137

Magnesium turnings were ground in a mortar to

expose fresh surface prior to use.
C.
1.

IMPORTANCE OF THE TRANSITION METAL

Preparation of ethylenebis (tri-o,- tolylphosphite) nickel (O') , 23~*
8
Compound 2_3 was prepared by reducing a nickel (II) salt

with either sodium borohydride

(Method A) or triethylalumi-

num (Method B) in the presence of tri-o-tolylphosphite
according to the general procedures of Gosser and Tolman
and Seidel and Tolman.
Method A .

88
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Sodium borohydride

(3.0 g, 75 mmole) was

slowly added to a well stirred anhydrous acetonitrile solu
tion (50 ml) of nickel nitrate hexahydrate
and tri-o-tolylphosphite

(2.0 g, 7 mmole)

(10.0 g, 32 mmole).

Gas evolution

ceased after the addition of the first 2 g of sodium boro
hydride.

It was essential that rapid stirring of the solu

tion be maintained throughout this addition.

After the

remaining 1 g of sodium borohydride was added the reaction
mixture was stirred an additional 2 hr.

The resulting dark

suspension was filtered yielding a pale yellow solution.
Removing the solvent and drying under reduced pressure for
c a . 2 hr resulted in the formation of a red grease.
red grease was dissolved in benzene

This

(50ml) and the resulting
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solution was filtered producing a yellow-orange homogeneous
solution.
The benzene solution of this tris(tri-o-tolylphosphite)nickel(0) compound was slowly syringed into methanol
(300 ml) saturated with ethylene.

The ethylene compound,

23, crystallized as a yellow solid when the methanol-benzene
solution was cooled to 0°.

The yellow solid was washed

several times with ethylene saturated methanol and dried in
vacuo.

Recrystallizing again from ethylene saturated ben

zene-methanol gave the yellow 2_3 (0.68 g, 12% yield).

The

yellow crystals were stored under an argon atmosphere at
-78°.

The complex possessed the following pmr spectrum:

(C^Dg) x 8.06 (s, 4.0 H, coordinated ethylene protons),
7.86 (s, 18.0 H.tD-CH^), 3.11 (m, 18.0 H, m- and p-protons) ,
2.56 (m,6.0 H, o-protons).
Method B .

Nickel acetylacetonate

(1.15 g, 4.5 mmole)

was reduced with triethylaluminum (toluene solution, 9.9
mmole)

in the presence of tri-o-tolylphosphite

(3.2 g, 9

mmole) and 60 ml of ethylene saturated toluene at -50°.
reaction mixture was then allowed to warm to 30°.

The

During

this time the solution became homogeneous and yellow-orange
in color.

About 30 ml of toluene was removed under reduced

pressure and ethylene saturated methanol
added gradually.

(ca. 150 ml) was

Cooling the solution to 0° yielded yellow

crystals which were separated by filtration and dried in
vacuo.

Recrystallization from benzene-methanol gave 2_3

(2.4 g, 68% yield).

The pmr spectrum was identical to the
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spectrum obtained by preparing 2_3 using Method A.

The visi

ble spectrum of 2_3 (benzene, ca. 2.0 x 10 ^ molar) exhibited
a A
at 350 nm and a shoulder on this band with an inflecmax
tion at 382 nm.
2.

Skeletal rearrangement of cis - 1,4-hexadiene , 1_, with 23_*
9
4
and H C 1 .
A toluene solution (15 ml) of the nickel(O)

compound,

23 (150 mg, 0.19 mmole) was treated with (L (0.19 g, 2.26
mmole).

The yellow solution was stirred at 26° for 48 min

with aliquots being removed for glpc analysis.
time a small amount of the diene

During this

(less than 1.5%) was lost

but no products were detected.
Addition of HC1

(0.5 ml of £a. 0.3 N solution,

mmole, olefin:Ni:HC1 ratio = 12:1:0.63)

49

0.12

to this mixture pro

duced the characteristic amber color observed with the DIBAC
and nickel(II)

combination.

49

After 20 min the reaction was

terminated by adding 2-propanol.

Analysis by glpc showed

that trans- 2-methyl-1,3-pentadiene was being formed as the
major product along with lesser amounts of trans, cis- and
cis , cis-2,4-hex ad ienes.

The reaction converted 80% of 1_ to

products during a 3.5 min period with a
ca. 95%.

isomer yield of

The products and starting material were collected

by preparative glpc and were identified by both their pmr
spectra and retention times on the calibrated 8,3'-column.
The recovered starting material also exhibited a pmr spec
trum consistent with 1.
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A HC1 saturated toluene solution (0.4 ml, 0.09 mmole)
was added to a toluene solution (13 ml) of 23_ (99 mg, 0.13
mmole) and 1_ (0.123 g, 1.50 mmole) at 0° (diene :Ni :HC1 ratio
= 12:1:0.75).

After 3 min, 51% of 1^ was converted in 80%

yield to the

isomers.

the major product

trans- 2-Methyl- 1,3-pentadiene was

(43%) while trans, cis-2,4-hexadiene (16%)

and c i s , cis-2,4-hexadiene (41%) were minor products.

Ten

minutes were required to convert 80% of 1 to products at
this temperature.

Products were identified by their glpc

retention times.
A similar mixture of 2_3_ and 1_ (olef in:Ni :HC1 ratio =
13:1:0.81)

in toluene at -22°

(dry ice - CCl^ slush) af

forded, after 6 min, a 44% conversion of 1 to isomeric
products composed of trans- 2-methyl- 1,3-pentadiene

(39%),

trans, cis-2,4-hexadiene (15.5%) and trans, trans- 2,4-hexadiene (45.5%).
65%.

The yield of the isomeric products was c a .

Longer reaction times, 30 and 120 min, resulted in

better yields of isomeric products

(88%) .

Products were

identified by their glpc retention times.
In a separate experiment a toluene solution (9 ml) of
23 (59 mg, 0.08 mmole) and 1^ (74 mg, 0.90 mmole) was treated
with an excess

(3 eq) of toluene solution saturated with HC1

(0.98 ml, 0.23 mmole, diene:Ni:HCl ratio = 11:1:3).

The

yellow solution turned quickly to amber, but no insoluble
precipitate was observed.

Glpc analysis of aliquots removed

in this time indicated that 1^ was being rapidly converted to
products.
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3.

Rearrangement of cis- and trans-2-methylvinylcyclopropanes, 21 and 22.
a.

With the nickel(0) complex, 25, and H C 1 .

A toluene solution (14.5 ml) of the nickel(O)
pound, 23_ (105 mg, 0.13 mmole) and 2_1 at 25°

com

(0.13 g, 1.60

mmole) was treated with toluene solution saturated with HC1
(0.4 ml, 0.10 mmole, olefin:Ni:HC1 ratio = 12:1:0.80).

Of

the aliquots which were withdrawn, analysis by glpc showed
that 501 of 2_1 was converted in a 601 yield to a

isomeric

product mixture composed of trans- 2-methyl-1,3-pentadiene
(65%), trans, trans- 2,4-hexadiene
hexadiene

(10%), trans, cis- 2,4-

(25%) and a trace of c i s , cis- 2 ,4-hexadiene.

The

reaction was terminated after 3.5 hr and the isomeric prod
ucts along with 2_1 were collected by preparative glpc.

All

isomeric dienes except c i s , cis- 2 ,4-hexadiene were identi
fied by comparing both their pmr spectra and retention times
with those of authentic samples.

The c i s , cis- 2 ,4-hexadiene

which was present in only a trace amount was only identified
by its retention time.

The pmr spectrum of the recollected

starting material was the same as 2 1 .
Treating a toluene (14.5 ml) solution of 2J5 (134 mg,
0.17 mmole)

and 22_ (0.17 g, 2.10 mmole)

toluene solution saturated with HC1
olefin:Ni :HC1 ratio = 12:1:0.74)
converted to products in 1.5 min.
80% was detected as C. isomers.
6

at 25° with a

(0.5 ml, 0.13 mmole,

resulted in 56% of 2_2 being
Of the 2_2 which reacted,
The reaction was terminated

after 5 min with 72% of 22 being converted to this same
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ratio of

isomeric products.

Products and starting

material were collected and identified by their retention
times and pmr spectra.
b.

With H C 1 .
A toluene solution (14.5 ml) of 21_ (0.17 g, 2.10

mmole) at 25° was treated with toluene saturated with HC1
(0.5 ml, 0.126 mmole, olefin:HCl ratio = 17:1).

Similarly

a toluene solution (7.5 ml) of 2_2 (86 mg, 1.05 mmole) at 25°
was treated with HC1
= 16:1).

(0.25 ml, 0.06 mmole, olefin:HCl ratio

Aliquots analyzed over a 5.5 hr period indicated

that neither 2_1 nor 22_ were being converted to isomeric
products and there was essentially no decrease in the
amounts of either of the starting materials.
c.

With the nickel(O)

complex,

23 .

A toluene solution (15 ml) of 23_ (192 mg, 0.24 mmole)
and 2_2 (0.15 g, 1.83 mmole) was stirred at 25° for 5 min.
Only a slight loss of starting material was observed during
this period.
bath.

The temperature was raised to 58° in an oil

Only trace amounts of two unknown products were de 

tected in aliquots removed during a 2 hr period.

During

this time the color of the solution slowly darkened from its
normal yellow color and an insoluble precipitate formed.
4.

Isomerization of trans- 1,4-hexadiene, 2_4, with 23 and H C 1 .
Stirring a toluene solution (14.5 ml) of 25_ (184 mg,

0.23 mmole)

and trans-1,4-hexadiene, 24 (0.19 g, 2.28 mmole)

109

at 25° did not produce any isomeric products which could be
detected in a 9 min period.
solution saturated with HC1

Upon addition of a toluene
(0.5 ml, 0.12 mmole, diene:Ni:

HC1 ratio = 10:1:0.5), 32% of _5 was converted in 30 sec, in
a 98% yield to the two

isomeric products; trans, trans-

2,4-hexadiene (28%) and trans, cis- 2,4-hexadiene (72%).

The

reaction was essentially complete after 3 min with 82% of 24
being converted to products.

Upon work-up and purification

by preparative glpc, the two products were identified by
comparing their pmr spectra and retention times with those
of authentic samples.

5.

Skeletal rearrangement of 1,4-pentadiene, 17, with 23
and H C 1 .
Stirring a toluene solution (14.5 ml) of 23^ (177 mg,

0.22 mmole) and 1,4-pentadiene, 17_ (0.18 g, 2.68 mmole) at
25° resulted in the formation of no
within a 15 min period.
saturated with HC1
= 12:1:0.7)

isomeric products

Upon addition of a toluene solution

(0.62 ml, 0.16 mmole, diene:Ni:HCl ratio

isomeric products were rapidly formed.

Within 30 sec 25% of the 1,4-pentadiene was converted in
greater than 95% yield to the

isomeric products composed

of isoprene (71%), trans-1,3-pentadiene
pentadiene (18%).

(11%), and cis-1,3-

Products were collected by preparative

glpc and identified by comparing their pmr spectra and
retention times with those of authentic samples.50

These

isomers were the only products which were detected during
the life time of the catalyst.
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6.

Isomerization of 3-methy 1 -1,4-pentadiene , 2_.
a.

With 25 and H C 1 .

Stirring a toluene solution (14.5 ml) of 23_ (159 mg,
0.20 mmole) and 2_ (0.17 g, 2.11 mmole) at 26° resulted in
the formation of no

isomeric products in a 12 min period.

Upon addition of a toluene solution saturated with HC1
ml, 0.12 mmole, diene:Ni:HCl ratio = 11:1:0.61)
Cg dienes were formed.

(0.5

two isomeric

In 1 min 23% of 2 was converted to

the isomeric product mixture of cis- and trans-3-methy1-1,3pentadiene in only 311 yield.

There was only a slight loss

in the amount of 2_ when the reaction period was extended to
2 hr.

The reaction mixture was worked up in the usual

manner and the

isomeric products were isolated by pr e 

parative glpc.

The first product to elute from the 8,8'-

column exhibited a retention time which was comparable to
that of (Z)- 3-methy1- 1,3-pentadiene while the second product
exhibited a retention time and ir spectrum identical with
that of (E)-3-methyl- 1,3-pentadiene.

The pmr spectrum of

the (Z)- isomer exhibited resonances at:

(CCl^) t 3.34

(q,

1.0 H, C-2 vinylic proton), 4.87 (m, 2.0 H, C-l vinylic
protons), 4.53

(m, 1.0 H, C-4 vinylic proton)

and s, 6.0 H, methyl protons).
resonances at:

and 8.27

The (E)- isomer exhibited

(CCl^) t 3.7 (q, 1.0 H, C-2 vinylic pro

tons), 5.05 (m, 2.0 H, C-l vinylic protons), 4.47
C-4 vinylic protons)
tons) .

(d

(m, 1.0 H,

and 8.25 (d and s, 6.0 H, methyl pro

Ill

b.

With 21, HC1 and DIBAC.
A toluene solution (14 ml) of 2_3 (136 mg, 0.18 mmole)

and 2_ (0.18 g, 2.20 mmole) was treated with a toluene solu
tion saturated with HC1
ratio = 12:1:0.8)

(0.54 ml, 0.14 mmole, diene:Ni:HCl

to initiate the formation of the cis- and

trans-3 -methyl-1,3-pentadienes.

One minute after the addi

tion of HC1, 3 eq of neat DIBAC

(£a. 90 mg) was added to the

amber colored solution and several aliquots were removed.
The color of the solution turned from the normal amber color
to orange.

Analysis by glpc indicated that a new product,

in addition to the isomeric 3 -methy1-1,3-pentadienes, was
also being formed in very low yield.

This product exhibited

a retention time which was comparable to that of cis-1,4hexadiene.

In an 8 min period there was an increase in the

amount of this product before two other new products were
detected.

These two products exhibited retention times

which were longer than those of the 3 -methy1-1,3-pentadienes.
As the reaction progressed beyond 8 min the quantity of the
diene with a retention time comparable with cis-1,4-hexadiene decreased while the amounts of the other two unidenti
fied products increased.

Since these products were formed

in such small amounts and the quantity of 3 -methy1-1,4pentadiene was in limited supply, positive identification of
these new products was not carried out.
In another experiment DIBAC (£a. 45 mg, 0.25 mmole)
was added to a mixture of the diene, 2_, (137 mg, 0.17 mmole)
and 23 (0.15 g, 1.83 mmole, diene:Al:Ni ratio = 11:1.5:1)

in
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the absence of any added HC1.

The color of the solution

changed from the characteristic yellow of 2_3 to an amber
color, but only a small amount of the conjugated 3-methyl1,3-pentadienes could be detected before deactivation of the
catalyst took place.

Deactivation was evident from the

formation of insoluble material and the fact that the amount
of 2_ remained the same over a 41 min period.

Owing to the

very low conversion realized in this experiment, no attempt
was made to isolate any of the products.
7.

Skeletal rearrangement of 3,5-dimethyl-1,4-pentadiene,
19, with the catalyst components.
a.

Preparation of 3,3-dimethyl-1,4-pentadiene, 1 9 .
(1) 5,5-Dimethyl- 1,5-pentanediol.

The acid chloride of 3,3-dimethylglutaric acid was
prepared by refluxing the acid (25 g, 0.15 mmole)

in thionyl

chloride (100 ml) containing 3 ml of DMF for 12 h r s .
lation through a short Vigreaux column at 95-96°
gave the acid chloride (28.15 g) in 95% yield.

Distil

(11 mm Hg)
If DMF was

not employed as a catalyst the formation of the acid chlor
ide was not observed.
The acid chloride (28.15 g, 0.143 mole)

in 25 ml of

ether was added to a solution of lithium aluminum hydride
(9.48 g, 0.25 mole)

in ether (300 ml) at such a rate that a

light reflux could be maintained throughout the reduction.
After all the acid chloride was added the reaction mixture
was allowed to stir at room temperature an additional hour.
Water

(100 m l ) , 101 sulfuric acid (25 ml) and enough water
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to dissolve the aluminum salts was added.

Continuous

liquid-liquid extraction for at least 3 days gave, upon
distillation through a small Vigreaux column at 135-136°
mm Hg) , the title compound (11.65 g, 62 % yield)
bp 95-98°

(0.25 mm H g ) .

(1

l i t . ^ ’^'5^

The pmr spectrum exhibited the

following characteristic resonances at:

(CCl^) x 6.35

(t,

2.0 H, protons on methylene carbon with -OH), 7.5 (s, 1.0 H,
protons of -OH), 8.46

(t, 2.0 H, protons on internal methy

lene) and 9.04 (s, 3.0 H, methyl protons).
(2) 3,3-Dimethyl - 1,5-pent anediol-p^-toluene sulfonate.
The 3,3-dimethyl-1,5-pentanediol
was dissolved in anhydrous pyridine
solution

(

2

0

0

(16.17 g, 0.12 mole)

(350 ml) and a pyridine

ml) of p-toluene sulfonyl chloride was slowly

added over a 5 hr period while the temperature was maintained
between 0°-5°.

The reaction mixture was then allowed to

stir at room temperature overnight.

The solution was poured

into ice water and was then extracted with four 250 ml po r 
tions of ether.

The ether layer was separated, washed with

301 HC1 until washings were acid to Congo Red paper, neu
tralized with 5% HaHCO^

(50 m l ) , treated with saturated

sodium chloride solution and dried over anhydrous calcium
chloride.

Upon removal of the solvent a light yellow oil

resulted which crystallized in 3 days when kept near 0°.
Recrystallization from methanol gave only one crop of crys
tals

(16.55 g, 311 yield).

Attempts to obtain additional

crystals from the mother liquor resulted in the formation of
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only an oil.

The pure tosylate had a mp of 56-57° and ex

hibited the following pmr spectrum:
4.0 H, phenyl protons), 6.03
with oxygen),

(CCl^) x 2.50

(A?B 2 ,

(t, 2.0 H, protons on methylene

7.59 (s, 3.0 H, methyl protons of tolyl

group), 8.49 (t, 2.0 H, protons of internal methylene)

and

9.29 (s, 3.0 H, methyl protons).
(3) 1,5-Dibromo-3,3-dimethylpentane.
The 3,3-dimethyl-1,5-pentanediol tosylate (16.55 g,
0.03 mole) was refluxed for 24 hr with lithium bromide
(10.77 g, 0.124 mole)

in anhydrous acetone (150 ml).

During

this time the lithium tosylate salt slowly forms as an in
soluble precipitate.

Upon addition of water (50 ml) the

solution was extracted 4 times with 50 ml portions of ether,
washed with

1

0

0

ml of saturated sodium chloride and dried

over anhydrous magnesium sulfate.
at 97-98°

Fractional distillation

(3 mm Hg) gave the title compound (8.0 g) in quan

titative yield, lit.

’9

1

^ 80-81.5°

(1.3 mm H g ) .

The pmr

spectrum was identical with that of an authentic s a m p l e . ^
(4) 3,3-Dimethy1-1,4-pentadiene, 19 .
This compound was prepared by the dehydrohalogenation
of the above 1,5-dibromide according to the procedure of
Meinwald and Smith.
dimethylpentane
10 mmole)

91

A mixture of the 1,5-dibromo-3,3-

(10.8 g, 42 mmole), sodium iodide (1.5 g,

and freshly distilled 2-methylquinoline

(25 g,

0.20 mole) was heated for 2 hr at 90° in a small distilla
tion apparatus.

The temperature of the bath was gradually
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raised until, after 2 hr, the product distilled at 60-65°
(bath temperature was ca. 190-195°).

This temperature was

maintained until the product was collected.

The distillate
q

was then dried over Drierite and distilled at 68-70°, lit.
bp 69.5-70°

(2.23 g, 55% yield).

fied by preparative glpc.

The lj)_ was further puri

The pmr spectrum was the same as

that reported by Meinwald and Smith
b.

91

and Baker.
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Rearrangements of 5,3-dimethyl-l,4-pentadiene, 1 9 .
(1) In the presence of 23 and H C 1 .

A toluene solution of 23_ (0.12 g, 0.16 mmole) and 19_
(0.18 g, 1.87 mmole) was allowed to stir at 25° for 9 min.
During this time only a very small amount of 1£ was lost
(ca. 4%) but no Cy isomeric products were detected by glpc
analysis.

This solution was then treated with toluene

saturated with HC1
12:1:0.8).

(0.5 ml, 0.13 mmole, diene:Ni:HCl ratio

After 2 min 11% of 19 was converted to products

of which only one Cy isomer,
was detected in 11% yield.

2

,3 -dimethyl- ,4-pentadiene,
1

After work-up this Cy product

as well as 19_ were collected by preparative glpc and were
identified by comparing their pmr spectra with those of
authentic samples.^

^^

A very minor product was detected

in the diene-rich toluene solution which had a retention
time comparable to that of 5-methyl-1,4-hexadiene.
A toluene solution of 2_3 (0.10 g, 0.13 mmole) and 19
(0.15 g, 1.56 mmole)
rated with HC1

at 0° was treated with toluene satu

(0.4 ml, 0.10 mmole, diene:Ni:HCl ratio =
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12:1:0.8).

This resulted in the formation of only 2,3-

dimethyl - 1 ,4 -pentadiene .
this product in only

1

0

1

In 7 min 91 of 3d was converted to
yield.

In another experiment the temperature was raised to
c a . 65° in an oil bath.

At this temperature a dry, deoxy-

genated toluene solution of 2_3 (0.07 g, 0.09 mmole),
(0.1 g, 1.03 mmole)
ratio =

1

2

19^

and H C 1 (0.3 ml, 0.07 mmole, diene:Ni:HCl

: : . ) gave rather poor yields of only the one Cy
1

0

8

isomeric product.
products of which

In 30 sec 16% of 19 was converted to
2

,3-dimethyl- ,4-pentadiene was detected

in only 10% yield.

1

The Cy isomeric product in these two

reactions was identified by comparing its retention time
with that of authentic

2

,3-dimethyl- ,4-pentadiene.
1

(2) In the presence of 23, HC1 and MONOBAC.
A toluene solution of 2J5 (0.12 g, 0.16 mmole)
(0.18 g, 1.86 mmole)

at 25° was treated with HC1

0.12 mmole) and MONOBAC
ratio = 12:3:1:0.8).

and 19^

(0.5 ml,

(0.72 g, 0.47 mmole, diene:A1:Ni:HC1

The MONOBAC was added 15 sec after the

addition of the toluene solution saturated with HC1.

The

color of this mixture turned from the yellow color of 23 to
almost red which then faded rapidly to the usual amber color.
An orange solid slowly precipitated during the course of
this reaction.

After 5 min 22% of 19^ was converted in 36%

yield to 2,3-dimethyl-1,4-pentadiene
hexadiene

(43%) and 5-methy1- 1,4-

(57%) as the only detectable products.

the reaction to proceed beyond

2

Allowing

hr resulted in the formation
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of a product which was unidentified but exhibited a reten
tion time longer than either of the two Cy isomeric products.
The two isomeric products were collected by preparative glpc
and were identified by comparing their retention times and
pmr spectra with those of authentic samples.

8

.
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2,3-Dimethy1- 1,4-pentadiene, 25, in the presence of 23
and H C 1 .
A toluene solution of 2(3 (132 mg, 0.17 mmole)

(0.17 g, 1.78 mmole) at 25° was treated
solution saturated with HC1
HC1 ratio = 11:1:0.8).

and 2S_

with a toluene

(0.5 ml, 0.134 mmole, diene:Ni:

After 30 sec an 81 loss of 2_5 was

realized but no isomeric products were detected.

Extending

the reaction period beyond 3 min resulted in an increase in
the amount of starting material,

25, in solution.

As a

result of this phenomenon, only 1% of 25 was converted to
products which could not be detected by glpc.

Reaction

periods up to 6.5 hr did not produce any additional change
in the amount of 2_5 under these conditions.
9.

Skeletal rearrangement of 1,1-dideuterio-2-methyl- 1,4pentadiene, 26. with 23 and H C 1 .
A toluene solution of 2_3 (123 mg, 0.16 mmole)

and 2_6

(0.16 g, 1.86 mmole) was allowed to stir at 25° for 9 min.
During this time about an

8

% loss of 26_ was realized, but no

isomeric products were detected by glpc analysis.
addition of a toluene solution saturated with HC1
0.12 mmole, diene:Ni:HCl ratio = 12:1:0.8)
products were formed.

Upon the
(0.5 ml,

two isomeric

In 1 min 14% of 26 was converted to
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products composed of

1

, -dideuterio- ,3-dimethyl- ,3-buta
1

2

1

diene (431) and trains-1,1 -dideuterio - 2-methyl -1,3-pentadiene
(57%) in 45% yield.

Extending the reaction period to 5 hr

did not change the amounts of products or 26_ in the reaction.
The two products as well as the starting diene 26 were col
lected by glpc and were identified by their pmr spectra.
The product with the shortest retention time was iden
tified as 1,1-dideuterio-2,3-dimethyl- 1,3-butadiene.

The

pmr spectrum of this compound exhibited the following char
acteristic resonances:
protons) and 5.03

(CCl^) x 8.12 (s , 6.0 H, methyl

(broad d, 2.0 H, vinylic protons).

The

product with the longest retention time was identified as
trans_-1,1-dideuterio-2-methyl-1,3-pentadiene .

The pmr

spectrum of this compound exhibited characteristic reso
nances:

(CCl^) x 3.66-4.67

(m, 2.0 H, internal vinyl pr o 

tons) and 8.25 (s and d, 6.0 H, methyl protons)

and the

absence of a broad singlet at x 5.23 (C-l vinylic protons).
The spectra of these two compounds were identical with the
pmr spectra of authentic samples obtained from Golden.

9 3

The recollected 2_6 exhibited the following pmr spec
trum:

(CCl^) x 8.32 (s, 3.0 H, methyl protons),

2.0 H, doubly allylic protons),
vinylic protons),

7.30

(d,

5.32 (absent s, 0.08 H, C-l

5.0 (broad d, 2.0 H, C-5 vinylic protons)

and 4.25 (m, 1.0 H, C-4 vinylic protons).

The integration

of C-l vinyl protons at 5.32 relative to the methyl group
indicated that this position was still at least 96%
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deuterated.

The integration of 26_ before the reaction indi-

cated the presence of 98% deuterium in this position.
10 .

9^

Skeletal rearrangement of cis - 1.4-hexadiene , 1 , with 23
and other strong acids.
a.

In the presence of H B r .

A toluene solution of 2_3 (149 mg, 0.19 mmole)
(0.19 g, 2.26 mmole) was stirred at 0° for 19 min.

and 1
During

this time there was a loss of c_a. 5% of 1 as was evident
from glpc analysis.

The addition of an HBr saturated

toluene solution (0.5 ml, ca. 0.17 mmole, olefin:Ni:HBr
ratio = 12:1:c a . 0.89) resulted in a rapid formation of
isomeric products in high yield.

In 30 sec 72% of 1 was

converted in greater than 95% yield to a product mixture of
trans- 2-methyl-1,3-pentadiene (47%), trans, cis- 2,4-hexadiene (15%) and c i s , cis- 2,4-hexadiene (38%).

This product

mixture did not change over a 25 min period while in contact
with the catalyst.

The products were identified by compar

ing their retention times with those of authentic samples.
b.

In the presence of trifluoracetic acid.

A toluene solution of 2_3 (106 mg, 0.13 mmole) and 1_
(0.13 g, 1.61 mmole) was allowed to stir at 25° for 10 min.
During this time there was a loss of ca. 4% of J_.

The addi

tion of CF^COOH (9 mg, 0.08 mmole, diene:N i :CF^COOH ratio =
12:1:0.62) resulted in a low conversion of

1

to products.

In 1 min only 15% of ^ was converted to a 60% yield of iso
meric products.

The

isomeric products were trans- 2 -
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methyl-1,3-pentadiene

(751), trans, cis- 2,4-hexadiene (12%)

and cis, cis-2,4-hexadiene (13%).

Allowing the reaction to

continue over a 3 hr period resulted in no additional loss
of 1^ under these conditions.

However, the product ratios

of Cg isomers changed substantially during this time.
Products were identified by comparing their retention times
with those of authentic samples.
11.

Spectral data for the direct combination of 23 and H C 1 .
A sample of 23_ (3 ml, 2.51 x 10 ^ molar)

genated toluene at ambient temperature

in deoxy-

(ca. 25°) exhibited

very strong absorptions for the 350 and 382 nm bands.

These

bands were so intense that they extended to almost 600 nm.
Upon addition of toluene saturated with HC1 (0.02 ml, c a .
_
5 x 10
mmole) via a hypodermic syringe the sample changed
3

from the deep yellow of 23_ to orange and particles precipi
tated from solution.

The visible spectrum exhibited a

distinct shoulder with an inflection at 427 nm (e ca. 300)
on the intense absorption bands.

As several repetitive

scans of this region were made this shoulder slowly dis
appeared .
In another experiment, 2_3 (3 ml, 2.74 x 10

_

3

molar)

in

deoxygenated toluene was treated with an excess of .1 (0.05
ml) and HC1

(0.06 ml, ca. 1.5 x 10 ^ mmole).

The color of

the solution again changed to orange and some solid precipi
tated.

The visible spectrum also exhibited a similar inflec

tion at 427 nm but this band did not appear to disappear as
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rapidly with time.

This absorption band was not observed

when only 1_ and 23_ were mixed.

The infrared spectrum of 23

and 1 eq of HC1 in toluene or benzene did not demonstrate
the presence of a nickel hydride in solution.
In a separate experiment both 1_ and trans -1,3-pentadiene were treated with HC1 and trifluoracetic acid in the
presence of 2_3 (equal molar amounts) .

The pmr spectra at

ambient temperature (c_a. 37°) exhibited ethylene resonances
which were shifted downfield from coordinated ethylene in
23.

In one case a shift of 166 Hz was observed.

Other

ligand resonances remained much the same as those in 2 3 .
Extraneous resonances which were not analyzed were also ob
served.

Spectra were rather difficult to record due to the

presence of orange solid and paramagnetic material.
D.

1.

PREPARATIONS OF OTHER POTENTIAL METAL HYDRIDE
SYSTEMS AND THEIR INTERACTIONS
WITH cis-1,4-HEXADIENE

Preparation and reaction of b i s [1,2-bis(diphenylphosphino)ethaneJnickel(0), 27, with H C 1 .
This nickel (0) complex 2_7_ was prepared according to

the general procedure of Chatt, Hart and Watson.
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The

decomposition point of this yellow-orange solid was 254-256°
(vacuum capillary tube), lit.

253-256°.

The infrared

spectra (KBr) exhibited bands which were characteristic of
the phosphine ligands.
A toluene solution of 2_7_ (26 mg, 0.03 mmole)
stirred at room temperature for 5 min.
loss of 1 was observed.

and 1 was

During this time no

When a toluene solution saturated
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with HC1 (0.1 ml, 0.03 mmole) was added the cationic orange
nickel hydride complex slowly precipitated from solution.
During a 2 hr period there was no loss of 1_ and no products
could be detected by glpc.
2.

The mixed phosphine nickel hydride system.
a.

Preparation of trans-(borohydrido)hydridobis(tricyclohexylphosphine)nickel(II), 13 .

The procedure for preparing trans-chlorohydridob is (tricyclohexylphosphine)nickel(II) was that reported by
Green, Saito, and Tanfield.
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This compound displayed a

strong ir (KBr) absorption band at 1920 cm 1 , indicative of
a Ni-H stretch.

There was also a band at 2355 cm ^ which

appeared to be due to the B-H stretching frequency of the
trans- (borohydrido)hydridobis(tricyclohexylphosphine)nickel(II), 13_, complex reported by Green, Munakata and Saito.

70

To avoid the problem of having a mixture of 13_ and the
chloro analog, the solid was treated with additional sodium
borohydride in ethanol-water according to the published procedure for preparing lj[.

The resulting yellow solid had a

decomposition point (under argon) of 122-128°, lit.
125°.

7 0
1

2

1

-

The infrared spectrum was essentially the same as the

yellow solid isolated prior to the additional treatment with
sodium borohydride.
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b.

Reaction of trans-borohydridohydridobis(tricyclohexylphosphine)nickel(II). 13. and trans-dichlorobis(tri-n-butylphosphine)nickel(II), 28, in the
presence of it

A toluene solution (7 ml) of 13_ (120 mg, 0.18 mmole)
was mixed with a toluene solution (5 ml) of 2_8 (70 mg, 0.13
mmole) at 25°.

The 1,4-diene, 1^ (0.13 g, 1.57 mmole, diene

L3:2_8 ratio = 12:1.38:1.0), was added to this amber-red
solution two minutes after 13_ and 2_8 were mixed.

Aliquots

withdrawn within the first 3 min indicated that 1_ was not
being rapidly converted to products.

After 20 min, two

products in ca. 35% yield were detected.

One of these

exhibited a retention time comparable to that of trans- 2

methyl-1,3-pentadiene

(47%) while the other (53%) exhibited

a retention time shorter than that of the starting diene,
Extending the reaction period to

6

1_

hr resulted in the detec

tion of two more products which exhibited retention times
comparable with those of trans, cis- and c i s , cis- ,4-hexa2

dienes.
In a separate experiment the trans-borohydridohydrido
bis(tricyclohexylphosphine)nickel(II)
added after the toluene solution of
with ethylene.

2 _ 8

compound,
and

1

3^, was

_ were saturated

After 3 hr only a small amount of 1 had

reacted and only a trace amount of trans- -methyl-1,3-penta
2

diene was detected.
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3.

The rearrangement of cis-1.4-hexadiene, X, with di 
methylaluminum chloride and trans-dichlorobis(tri-nbutylphosphine)nickel( ), 2 8 .
1

1

A toluene solution (14.75 ml) of 2^ (80 mg, 0.15
mmole) and 1_ (0.17 g, 2.0 mmole) at 25° was treated with a
251 toluene solution of dimethylaluminum chloride
0.68 mmole, diene:Al:Ni ratio = 13:4.1:1.0).

(0.25 ml,

Samples were

withdrawn from the resulting amber solution and were ana
lyzed by glpc.

In 2 min 181 of 1 was converted in 77% yield

to Cg isomeric products which consisted of trans- -methyl2

1,3-pentadiene (52%), trans, cis-2,4-hexadiene (38%) and
cis, cis-2,4-hexadiene

(10%).

The reaction was terminated

with 2-propanol after 80 min when 76% of 1 had been con
verted to a greater than 60% yield of C j isomeric products.
Each product was collected by preparative glpc and identi
fied by both its retention time and pmr spectrum.
In a separate experiment a toluene solution (35 ml) of
28 (1.58 g, 2.96 mmole)

and 1_ (0.24 g, 2.96 mmole) was

treated with a 25% toluene solution of dimethylaluminum
chloride (3.3 ml, 8.89 mmole, diene:Ni:Al ratio = 1:1:3) at
25°.

Glpc analysis of aliquots removed during the reaction

as well as the low boiling fractions after distillation
indicated that most of
products.

1

_ was converted to undetectable

Only small amounts of products with retention

times comparable to trans- -methyl- ,3-pentadiene, trans,
2

1

cis- and cis, cis- ,4-hexadienes were detected.
2
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4.

The reaction ofjLwithtrans-dichlorobis(tri-n-butylphosphine)palladium(II) and DIBACT
A toluene solution (29 ml) of trans-dichlorobis(tri-n-

butylphosphine)palladium(II)

(178 mg, 0.31 mmole)

and 1_

(0.28 g, 3.50 mmole) at 65° was treated with a 25% toluene
solution of DIBAC
11:4.5:1).

(1 ml, 1.4 mmole, diene:Al:Pd ratio =

The color of the solution changed from yellow to

almost colorless as the DIBAC was added.

Analysis by glpc

indicated that after 2 hr 901 of 2_ was converted to a m i x 
ture of three major and several minor products in 80% yield.
The products were composed of trans- 2-methyl-1,3-pentadiene
(31), trans, trans- 2,4-hexadiene (37%), trans, cis-2,4-hexadiene (29%), cis, cis- 2,4-hexadiene (9%) and four minor
products

(22%) .

As the reaction progressed beyond 30 min

the solution turned dark and palladium metal was deposited
on the walls of the reaction vessel.

Products which were

identified were collected by preparative glpc and identified
by comparing their retention times and pmr spectra with
those of authentic samples.
E.

PREPARATION OF MODEL INTERMEDIATES IN THE
SKELETAL ISOMERIZATIONS OF 1,4-DIENES

The compounds used in this study were prepared by
(a) treating the appropriate triethylphosphine metal salt
with the Grignard reagent prepared from the desired hydro
carbon ligand or (b) by displacing the anionic ligand from
the product of method (a) with the anion of an appropriate
alkali metal salt.

The dichloroviny1 nickel compound was
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prepared by an oxidative addition of nickel(O)

to trichloro

ethylene and its visible absorption spectrum was used as a
comparison to those of other nickel(II) compounds.

Visible

spectral data for each of the nickel compounds is presented
in Table I while the ultraviolet data is presented in this
section.

The pmr data is classified as to the types of pro

tons and are recorded in Tables II-V.

Other pertinent data

are included with the preparations of these compounds.
1.

Preparation of alkenylaryl metal compounds.
a.

trans-Chloro(2-allylphenyl)bis(triethylphosphine)nickel (II) T W .----- —
------------------------Magnesium turnings

(0.486 g, 20 mmole) were treated

with 30 ml of tetrahydrofuran.

After two drops of methyl

iodide were added, the mixture was warmed to light reflux
and a solution of 1-allyl-2 -chlorobenzene

(3.05 g, 20 mmole)

in tetrahydrofuran (20 ml) was added slowly.

The resulting

mixture was refluxed gently until essentially all of the
magnesium had disappeared, ca.. 24 h r s .

(Glpc analysis of

the hydrocarbon product from hydrolysis of the Grignard
reagent indicated the presence of only one monomeric com
ponent with a retention time identical with that of allylbenzene.)

The solution of the Grignard reagent was then

filtered and added dropwise to a stirred solution (3.65 g,
1 0

mmole) of trans-dichlorobis(triethylphosphine)nickel(II)

in ether (50 ml), cooled to -10°.

The addition was termi

nated when the red reaction mixture turned amber in color,
after which, the mixture was stirred for ca. 5 min.

The
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solvent was then removed in vacuo and the residue was ex
tracted with four 50 ml portions of pentane, the extracts
filtered in a fritted disc funnel, and the pentane removed
in vacuo from the filtrate.

Recrystallization of the partly

crystalline residue from a small volume of cold methanol
afforded golden brown crystal of 2_9_ (3.85 g,
63-65°.

Alternatively,

8

6

% yield), mp

the residue could be dissolved in

pentane and chromatographed on acid washed alumina under
nitrogen, eluting with ether-pentane mixtures, affording
comparable yields of 2_9 after recrystallization.
Anal.

Calcd. for c

2

1

H gClNiP2 :
3

C, 56.32; H, 8.78;

Cl, 7.92; Ni, 13.12; P, 13.84; mol. w t ., 448.

Found:

C,

56.27; H, 8.77; Cl, 7.99; Ni, 13.07; P, 13.81; mol wt (cryoscopic in benzene), 451.
b.

trans-Chloro(2-allylphenyl)bis(triethylphosphine)
palladium(II), 5 0 .

The Grignard reagent of 1-allyl-2 -chlorobenzene

(13

mmole) in tetrahydrofuran, prepared in the above manner, was
added dropwise to a solution of trans_-dichlorobis (triethylphosphine) palladium (11) (4.13 g, 10 mmole)
cooled to 0°.

in ether (50 ml)

After addition was complete, the reaction

mixture was stirred for 5 min, during which the mixture
turned black.

The solvent was then rapidly removed in vacuo,

and the residue was extracted with four 50 ml portions of
pentane containing a small amount of benzene.

The combined

extracts were filtered and concentrated after which the
solution was placed on a column of acid-washed alumina.
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Fractions eluted with 40:60 benzene:ether were recrystal
lized from cold hexane affording colorless crystals of 30
(2.38 g, 48% yield), mp 92-93°.
An excess of Grignard reagent was used in the synthe
sis of all of the organopalladium compounds to insure com
plete reaction.

It was found that unreacted ( E t ^ P ^ P d C ^

was extremely difficult to separate from the organopalladium
products.
Anal.

Calcd. for C

mol w t , 495.
in benzene),
230 (sh)
c.

Found:
501.

(21,800),

2

1

H gClPdP2 :
3

C, 50.92; H, 7.94;

C, 50.95; H, 7.81; mol wt (cryoscopic

X

max 295 nm (sh) (e 4,700), 255 (15,000),

208 (45,800).

trans-Chloro( -vinylphenyl)bis(triethylphosphine)nickel (II) , 3_la.
2

The procedure used to prepare the hydrocarbon ligand,
2

-chlorostyrene, was essentially the same as that reported

by Overberger and Saunders.^
carbinol

From 2-chlorophenylmethy1-

(29.40 g, 0.188 mole) added dropwise to fused and

powdered potassium hydrogensulfate

(9 g) at 210° and 3 mm

pressure, was obtained a mixture of the carbinol and prod
uct.

Fractional distillation afforded 2-chlorostyrene

(13.61 g, 52% yield), bp 46-47°
(760 mm).

(2.5 mm), l i t . ^ ^ bp 186.4°

The structure was verified by infrared and pmr

spectra.
The Grignard reagent of 2-chlorostyrene was prepared
in the same manner as was

2

-allylphenylmagnesium chloride.

Its reaction with trans-dichlorobis(triethylphosphine)-
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nickel(II) was conducted using the same procedure as for the
preparation of 2_9 with the exception that both the Grignard
reagent and the nickel precursor (2.20 g, 5.90 mmole) were
in tetrahydrofuran solution.

The resulting residue, after

removal of the reaction solvent, was extracted with

1

0

0

ml

of hexane, the extract filtered, and the volume of the
filtrate was concentrated in vacuo to 25 ml.

This solution

was then placed on a 35 x 3.0 cm column of acid-washed
alumina prepared in deoxygenated hexane.

Elution of the

product under nitrogen with a 1:4 ether:hexane mixture
afforded 31a (31.5% yield) which was recrystallized from
hexane to give yellow-brown crystals, mp 91-92°.
Anal.

Calcd. for C 2QH

Cl, 8.18; P, 14.28.
P, 14.09.
’

Found:

X
315 nm (sh)
max

3

7

ClNiP2 :

C, 55.40; H, 8.60,

C, 55.30 ; H, 8.49; Cl, 8.16;
(e 3,300) , 295 (8,200),

256

(20,300), 230 (36,300).

d.

trans-Bromo(2 -vinylphenyl)bis(triethylphosphine)nickel(II). 31b.

The procedure was the same as for 31a except that
2

-vinylphenylmagnesium bromide was added to trans-dibromo-

bis(triethylphosphine)nickel(II)

(8.7 g, 19 mmole).

The

residue, after removal of the reaction solvent, was ex
tracted with pentane.

The combined extracts were filtered,

and the pentane was removed in vacuo from the filtrate.

The

solid residue afforded by this procedure was then recrystal
lized directly from cold methanol affording yellow-brown
crystals of 31b (63% yield), mp 106.5-108°.
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A n a l . Calcd, for C

2

0

^ ^BrNiP^:
3

C, 50.25; H, 7.80; Br,

16.71; Ni, 12.28; P, 12.96; mol wt, 478.

Found:

C, 52.84;

H, 7.94; B r , 16.75; Ni, 12.58; mol wt (cryoscopic in CHCl^),
449.

Note:

An interference in the carbon analysis occurred

with this compound.

The sum of the elemental analysis was

102.95%, the excess over 100% being close to the discrepancy
between the calculated and found values for carbon.
302 nm (e 9,000), 259 (sh)

\

max

(22,600), 237 (41,500), 214

(35,300) .
Treatment of trans-dichlorobis(triethylphosphine)
nickel(II) with 2-vinylphenylmagnesium bromide using the
procedure described above afforded a mixture of 31a and 31b
as determined by pmr analysis.
in refluxing acetone, with a

2

Treatment of the mixture,
molar excess of lithium

bromide for 10 min afforded pure 31b after removal of the
acetone in vacuo, extraction of the residue with hexane,
removal of hexane from the extract and recrystallization of
the residue.
e.

trans-Bromo( -vinylphenyl)bis(triethylphosphine)palladium(II), 32b.
2

trans-Dichlorobis(triethylphosphine)palladium(II)
(4.14 g, 10.0 mmole) was treated with 2-vinylpheny1 magne
sium bromide according to the procedure described for the
preparation of 3CK

Chromatography of the crude product on

acid-washed alumina as described above afforded colorless
crystals

(3.07 g) which were treated with lithium bromide as

in the preparation of 30.

Recrystallization of the product
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from ethanol afforded 52b, which exhibited anomalous melting
behavior, melting in two regions,
Anal.
Br, 15.20.
f.

Calcd. for c [)H
2

Found:

3

7

109-110° and 127-128°.

BrPdP2 :

C, 45.68; H, 7.09;

C, 45.76; H, 7.06; Br, 15.11.

trans -Chloro (jo-a -methyls tyryl) bis (tri ethyl phosphine)
nickel
) , 33a~]
(

1

1

The 2-chloro-a-methyIstyrene was prepared from 2chlorophenyldimethylcarbinol using the same procedure as
described above for 2-chlorostyrene .
the product, bp 51-52

(3.25 mm) lit.

The structure of
14 2

bp 75° (14 mm), was

verified by infrared and pmr spectra.
The compound was prepared from the Grignard reagent
derived from

2

-chloro-a-methyIstyrene and trans-dichlorobis-

(triethylphosphine)nickel(II)

(3.65 g, 10.0 mmole) using the

same procedure as for the synthesis of 3 1 a .

Recrystalliza

tion from hexane of the material obtained from the hexane
trituration step afforded the crude 33a (3.52 g, 78% yield).
A portion of this

(1.35 g) was then dissolved in hexane and

chromatographed on a 32 x 3 cm column of acid-washed alumina
prepared in hexane.

Elution with 1:9 ether-hexane afforded

material which on recrystallization from hexane gave goldenbrown crystals of 33a (0.733 g) mp 78-9°.
Anal.
Found:

Calcd. for c

2

C, 56.50; H, 8.75.

(17,000), 229 (38,400).

2

H gClNiP2 :
3

C, 56.35; H, 8.78.

X
292 nm (e 8,420), 250 (sh)
max

The infrared spectrum exhibited

peaks at 1618 cm ^ (m) and 876 cm ^ (s).
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g.

trans - Iodo (o.- a -me thy Is tyry )bis (triethyl phosphine)
palladium(II), 33c .
1

The compound was prepared by accident from the Grignard
reagent derived from

2

-chloro-a-methylstyrene and trans-di -

chlorobis(triethylphosphine)palladium(II)

(2.48 g, 6.0

mmole) using the same procedure as for the synthesis of 33a,
except to much iodine was used to initiate the Grignard
reaction.

Recrystallization from hexane-benzene of the

material obtained from the hexane trituration step afforded
the crude 33c (2.80 g, 791 yield)

instead of the expected

33b, dec 140-142°.
Anal.

Calcd. for C

10.5; mol wt 587.

Found:

2

1

H gIPdP2 :
3

C, 42.97; H, 6.70; P,

C, 43.06; H,

wt (vapor pressure osmometry, benzene),

6

.

6

8

596.

(e 3,240), 245 (30,180) and 218 (57,400).

; P, 10.85; mol
^max 313 nm

The infrared

spectrum (CS2) exhibited peaks at 1620 (m) and 890 cm
h.

1

(s).

trans-Chioro(o-g-methyls tyry )bis(triethylphosphine)
palladium(11) . 33bl
1

The compound was also prepared from the Grignard rea
gent derived from

2

-chloro-a-methylstyrene and trans-di-

chlorobis(triethylphosphine)palladium(II)

(2.48 g, 6.0

mmole) using the same procedure as for the synthesis of 33a,
but using a small amount of iodine to initiate the reaction.
Recrystallization from hexane of the material obtained from
the hexane trituration step afforded the crude 33b and 33c
(1.37 g, 46% yield based on 33b) .

This material was then

dissolved in hexane and chromatographed on a 10 x 3 cm
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column of acid-washed alumina prepared in hexane.

Elution

with benzene afforded material which on recrystallization
from hexane gave 0.31 g of colorless crystals of 33b, mp
77-78° .
Anal.
Found:

Calcd. for c

gClPdP2 :

2

C, 50.88; H, 7.97.

(19,310) and 212 (57,590).

X

289 nm (e 5,580),

255

The infrared spectrum (Nujol

mull) exhibited peaks at 1620
2.

C, 50.92; H, 7.94.

(m) and 883 (s) cm ^ .

Displacement reactions of organonickel compounds.
In each case 31a or 3Tb, in acetone solution, was

treated with an excess of the appropriate alkali metal salt
for only 10-15 min.

Longer reaction times led to mixtures

of products which could not be resolved.

A short reaction

time is mandatory in order to obtain the compounds described
below.
a.

trans-Isothiocyanato( -vinylphenyl)bis(triethylphosphine)nickel (II) , 31d.
~
2

Compound 31a (0.226 g, 0.522 mmole) and potassium
thiocyanate
( 2

0

(0.079 g, 0.811 mmole) were dissolved in acetone

ml) and the mixture was warmed to reflux for

1 0

min.

The mixture was then cooled to room temperature and the
solvent was removed in vacu o .

The resulting solid was tri

turated with 101 benzene in hexane (25-50 ml), the extract
was filtered and the solvent removed from the filtrate.
Recrystallization of the filtrate residue from hexane
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afforded orange-yellow crystals of 51d (0.143g, 60% yield),
mp 156-157°.
Anal.

Calcd. for C 2]H ?NiNP S:
2

mol wt 456.

Found:

C, 55.15; H, 8.08; mol wt (vapor pres

sure osmometry, benzene)
(sh)

C, 55.28; H, 8.17;

455.

(19,050), 219 (60,700).

X

298 nm (e 18,000), 260

The infrared spectrum (Nujol

mull) exhibited peaks at 2110 cm

1

(s) and 832 cm

1

(m) and

at 2092 (vs) and 835 (m) in benzene solution assigned to the
C-N and C-S stretching frequencies respectively.

These

values indicated that the ligand was present as an isothio. r\T‘
m r c~\ 99-101
cyanate
(Ni-N=C
= S) .
b.

trans-Iodo( -vinylphenyl)bis(triethylphosphine)nickel(II), 31c.
2

Using the same procedure, 3lb (0.26 g, 0.535 mmole)
was treated with potassium iodide (0.101 g, 9.60 mmole)
affording brown prisms of 31c (0.19 g, 65% yield), mp 134135° .
Anal.
24.17.
(sh)

Calcd. for C

Found :

20H 37INlP2 :

c,

45.76; H, 7.10; I,

C, 45.98; H, 7.27; I , 24. 34.

311 nm
X
max

(e 5,600), 259 (24,000), 238 (24,000), 220 (34,300).
c.

trans-Cyano(2-vinylphenyl)bis(triethylphosphine)nickel(II), 31e.

From 31b (0.353 g, 0.73 mmole) and sodium cyanide
(0.042 g, 0.84 mmole)
stirred for

1

0

in acetone (20 ml) and water

(1 ml)

min at room temperature, was obtained yellow

needles of 3le (0.223 g, 72% yield), mp 119-120°.
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Anal.
Found:

Calcd. for C

2

1

H

C, 59.31; H, 8.72.

(9,750), 227.5 (sh)

3

7

NiNP2 :

X

C, 59.46; H, 8.79.

300 nm (e 5,000), 265

(19,300), 217.5 (33,600).

The infrared

spectrum (Nujol mull) contained a peak at 2095 cm

1

(s)

(sharp), C=N stretch (Nujol mull) and at 1350, 1327 and 810
cm

(benzene solution).

1

d.

trans- (NO
-vinylpheny )b i s (triethylphosphine)nickel(II), 31f.
2

)

(

2

1

From 31b (0.323 g, 0.68 mmole)

and sodium nitrite

(0.074 g, 1.08 mmole), dissolved in acetone (19 ml) and
water

( 1

ml) warmed to reflux temperature for

1 0

min, was

obtained orange-yellow crystals of 31f (0.201 g, 66.51
yield), mp 103.5-105° .
Anal.
Found:

Calcd. for C QH
2

C, 53.99; H, 8.34.

(29,000), 218 (37,600).

3

7

NiN0 P 2 :
2

C, 54.08; H, 8.40.

X

in3.x 282 nm (e 7,300), 243 (sh)

The infrared spectrum contained

peaks at 1342 cm ^ (m), 1325 cm ^ (m) and 809 cm ^ (w)
(sharp)

(Nujol mull) and at 1350, 1327 and 810 cm ^ (benzene

solution).
e.

trans-Isocyanato( -vinylphenyl)bis(triethylphosphine)nickel(II), 31 g .
2

From 31b (0.247 g, 0.517 mmole) and potassium cyanate
(0.069 g, 0.847 mmole)

in acetone (18 ml) and water (2 ml),

warmed to reflux temperature for 15 min, was obtained orangeyellow prisms of 31g (0.077 g, 35% yield), mp 180-181°.
Anal.
Found:

Calcd. for c

2

C, 57.40; H, 8.43.

1

H

3

7

NiNOP2 :

C, 57.30; H, 8.47.

X
310.5 nm (sh)
max

(e 2,700),

136
290 (7,000)

259 (18,500),

224 (29,000).

The infrared spec

trum showed peaks at 2230 cm ^ (vs) and 1322 cm ^ (m)
mull) and at 2225 cm

-

1

-

(vs) and 1329 cm

1

(Nujol

(m-s) in benzene

solution, C-N and C-0 stretching frequencies consistent with
•
*
99,143
the isocyanato structure.
’
3.

Preparation of other organometallic compounds.
a.

trans-Chloro( -isopropylphenyl)bis(triethylphosphine)nickel (II) , 3,4"
2

The 2-chloroisopropylbenzene was prepared by hydroge
nation of 2-chloro-a-methylstyrene
hexane

( 2

0

catalyst.

(4.53 g, 30 mmole),

ml), using palladium on charcoal

(

0

.

2

0

g) as a

Upon removal of the solvent 2-chloroisopropyl-

benzene (4.55 g, 98% yield) was obtained, bp 63-64°
lit.
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in

bp 191°

(760 mm).

mm);

( 8

The pmr spectrum verified the

structure.
The title compound was prepared from the Grignard
reagent of 2-chloroisopropylbenzene

(17 mmole)

dichlorobis(triethylphosphine)nickel(II)

and trans-

(3.65 g, 10 mmole)

in tetrahydrofuran using the same procedure as for the syn
thesis of 3 1 a .

Recrystallization from hexane of the mate

rial obtained in the hexane trituration step afforded the
crude product (3.20 g, 70% yield).

A portion of this

(0.76

g) was chromatographed on acid-washed alumina under nitro
gen.

Recrystallization from hexane of material afforded by

elution with 1:4 ether-hexane gave golden brown crystals of
34 (0.65 g ) , mp 121-122° .
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Anal.
Found:

Calcd. for C 21H 41C1NiP2 '

C, 56.05; H, 9.13.

C, 56.09; H, 9.19.

The infrared spectrum (Nujol

mull) exhibited bands characteristic of the saturated hydro
carbon and phosphine ligands.

^max 300 nm (e 7620), 270

(19,200), 235 (29,600) and 201 (45,400).

The pmr spectrum

(C^Dg) exhibited in addition to the resonances presented in
Tables II and III a single doublet at t 8.64 attributed to
the isopropyl substituent CH^ protons.

The "benzylic" pro

ton resonance consisted of a septet with line separations
identical with those in isopropylbenzene
b.

( J ^ = 6.75 Hz).

trans-Chloro(dichloroviny )bis(triethylphosphine)nickel(II).
1

This compound was prepared from trichloroethylene and
b i s ( ,4-pentanedionate)nickel(II) in accord with the proce
2

dure of WilkePPP and Miller, Fahey and K u h l m a n . ^ ^

Hexane-

soluble material was chromatographed on a 37 x 3 cm column
of acid-washed alumina prepared in hexane.
eluted with 1:10 ether-hexane.

The product was

Recrystallization from

hexane afforded golden-brown crystals

(1.60 g, 321 yield),

mp 72-73°.
Anal.
Found:

Calcd. for C

1

4

H

C, 39.57; H, 7.44.

two bands at 1530 and 808 cm

3

1

Cl Ni P 2 :

C, 39.43; H, 7.33.

3

The infrared spectrum exhibited
1

which were not observed in

the trichloroviny1 nickel complex.
9,960), 273 (8,670), 227 (23,700)

8

5

in3.x 309.5 nm (e

A

and 223 (25,800).

The pmr

spectrum exhibited two Et3P proton multiplets near t 8.45
and 8.87 and a triplet at 4.75.
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A sample of the trans_-chloro (1,2-dichlorovinyl) bis (triethylphosphine)nickel(II)

(0.2 g, 0.5 mmole) was sealed

in a glass apparatus with HBr gas
benzene.

(0.5 mmole) and deuterio-

This glass apparatus was constructed from an nmr

tube which was fastened to a small flask by means of a "m"
filter frit.

After 7 days the contents of the apparatus

were filtered into the nmr tube.

The pmr spectrum exhibited

resonances typical of the dichlorovinylnickel compound as
well as a new resonance at x 4.28.
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Benzylic

(B)

T

Aromatic

143

PEt

Aromatic

Aromatic

3
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